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Résumé :
La présence croissante de nanoparticules (NPs) dans les produits de la vie quotidienne
(alimentation, médicaments, cosmétiques, textiles...) souléve de sérieuses inqui¢tudes
quant a leurs potentiels effets nocifs pour la santé humaine. Les NPs de dioxyde de titane
(Ti0O2) sont produites a 1’échelle industrielle et peuvent déja étre trouvées dans plusieurs
produits commerciaux tels que les peintures, les cosmétiques ou dans les systemes de
décontamination de 1’eau ou de ’air. Dans le passé, les NPs de TiO; étaient considérées
comme inertes, mais, trés récemment, I'Agence Internationale pour la Recherche sur le
Cancer les a classées comme possiblement cancérogenes (groupe 2B) pour I’homme. De
nombreuses études in vitro et in vivo ont démontré la potentielle neuro-toxicité des NPs de
Ti102, mais tres peu d'études se sont concentrées plus spécifiquement sur la barriere hémato-
encéphalique (BHE), protégeant le cerveau. Aujourd'hui, en dépit des avancées constatées,
la bio-cinétique et la bio-accumulation des NPs de TiO» ainsi que les conséquences sur la
physiologie de la barriere hémato-encéphalique (BHE) in vivo restent trés peu
documentées. De plus, dans 1’évaluation du risque li¢ a I’exposition aux NPs, des facteurs
de risque tel que I’age ont jusqu’ici ét¢ quasiment ignorés. Dans ce contexte, 1’objectif de
ce projet est donc d’évaluer chez le rat adulte et agé, I’impact d’une exposition aux NPs de
Ti0; sur les fonctions de la BHE et sur le métabolisme cérébral. Nos résultats ont montré
que les NPs de TiO2 s’accumulent dans certains organes et tissus (principalement dans les
poumons, la rate et le foie) et ne sont pas distribuées au systéme nerveux central (SNC) que
ce soit apres injection intra-veineuse (IV) ou aprés une inhalation subaigué a un nano-
aérosol de TiOz. Apres administration IV, une interaction directe entre NPs et les cellules
endothéliales microvasculaires conduit a des altérations fonctionnelles au niveau de la
BHE. Malgré I'absence de translocation vers le SNC, la bio-persistance du titane dans les
organes périphériques semble étre la cause de modulations de perméabilité¢ de la BHE et
d’une inflammation cérébrale. L'implication de médiateurs circulants faisant le lien entre
la bio-persistance de titane dans les organes périphériques et les modulations observées au
niveau cérébral a ét¢ démontré en utilisant un modele in vitro de BHE. Une réponse
exacerbée en termes de neuro-inflammation et de modulation de perméabilité de la BHE
établit la vulnérabilité du cerveau agé a la toxicité des NPs inhalées. Ces résultats ont
démontré que malgré I'absence de translocation cérébrale, I'exposition aux NPs de TiO»
induit des altérations fonctionnelles de la BHE et une neuro-inflammation qui pourraient
conduire a des troubles neurologiques. L’identification des médiateurs et la description des
effets neurotoxiques restent encore a préciser.
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Abstract :

The overwhelming presence of nanoparticles (NPs) in products including foods,
medications, cosmetics, or textiles raises serious concerns about their potential harmful
effects on human health. In the wide diversity of NPs, titanium dioxide (TiO2) NPs are
among those produced on a large industrial scale and can already be found in several
commercial products such as paints, cosmetics or in environmental decontamination
systems. In the past, TiO» NPs was considered inert, but, very recently, the
International Agency for Research in Cancer (IARC) has classified TiO> as possibly
carcinogenic (group 2B) to human beings. Numerous in vitro and in vivo studies have
shown the potential neuro-toxicity of TiO» NPs, but very few studies focus on the
central nervous system (CNS), Nowadays, notwithstanding the reported advances, the
biokinetic and bioaccumulation ofTiO> NPs and the consequences on the physiology
of the blood-brain barrier (BBB) in vivo are unknown. In addition, NPs effect on
susceptible population such as the elderly have been mostly ignored. In this context,
the target of the present studies is to evaluate the in vivo impact of exposure to NPs on
the BBB physiology and brain inflammation which could promote neurotoxicity in
young adults and aging. Our results have shown that TiO» NPs bioaccumulate in organs
and tissues (lungs, spleen and liver especially) and don’t translocate to the brain either
after IV or subacute inhalation exposure. In IV administration case, the direct
interaction between NPs and brain endothelial cells induces BBB functional
alterations. Despite the lack of CNS translocation, the biopersistence of titanium in
peripheral organs may be indirectly the cause of BBB permeability alteration and brain
inflammation. The involvement of circulating mediators linking titanium biopersitence
in peripheral organs and brain impact has been demonstrated using an in vitro BBB
model. An exacerbated response in term of neuro-inflammation and BBB permeability
modulation has established the vulnerability of the aging brain to inhaled NPs toxicity.
Taken together, our findings demonstrated that despite lack of brain translocation,
exposure to TiO2 NPs induce BBB physiology alteration and neuro-inflammation that
may lead to CNS disorders. Thereafter, identification of mediators and description of
the neurotoxic effects may complete the assessment of the impact of TiO> NPs
exposure on the brain.
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Chapter I
RATIONAL AND HYPOTHESIS




Rational and hypothesis

The brain controls behavior through sensory input. The brain is the most complex and
sensitive biological structure known and despite scientific progress many aspects of brain
functioning are still unknown. The brain is well protected by the blood brain barrier (BBB).
This gatekeeper protects the brain by excluding, effluxing and metabolizing potential
neurotoxic compounds.

Research in our laboratory has highlighted in vitro evidence of dysregulation of BBB functions
associated with an inflammatory response after exposure to acute and chronic titanium dioxide
nanoparticles (TiO2 NPs) /. This study carried out on a primary cell-based BBB model showed
that BBB integrity and efflux activities are impaired after exposure to TiO> NPs. Interestingly,
glucose transporter and insulin receptor expressions are also decreased in brain endothelial cells
(BECs) suggesting carbohydrates metabolism impairment. Several pieces of evidences suggest
that central nervous system (CNS) glucose transport have a pathophysiologic significance in
neurodegenerative disorders % °. Altogether, permeability alteration, modification of ABC
(ATP-Binding Casette) transport activity and altered carbohydrates metabolism at the BBB
level may lead to neurotoxic complications. Notwithstanding these in vitro findings, concerns
have been raised about in vivo consequences of interactions between TiO> NPs and the BBB.

BBB functional alteration is involved in various diseases affecting the CNS such as
neurodegenerative diseases, amyotrophic lateral sclerosis and brain cancer. As example, BBB
permeability changes and decrease efflux functions associated with immune cells extravagation
have been observed in Parkinson’s disease patients . Moreover, several pieces of evidence
suggest a link between exposure to NPs and brain diseases. Several facts pointed out the
potential neurotoxic effects of NPs. Indeed, exposure to fine and ultra-fine air pollution has
been associated with early dysregulated neuro-inflammation and perturbations in the integrity
of the BBB in people living in Mexico *%. These detrimental processes likely contribute to
progressive neurodegenerative course ’. Air borne manganese NPs was also associated with
deficits in olfactory and motor function among adolescents /. In the case of TiO» NPs, neuro-
inflammation processes have been highlighted both in vivo and in vitro after exposure /-3,
These facts suggest that the BBB and neurological functions may be impaired by exposure to
TiO2 NPs.

As the proportion of the aging population is growing, it is critical to understand age-related
disorders due to environmental NP exposure. At the BBB level, age related vulnerability has
already been established as results of several phenomena leading to BBB dysregulation
(decrease of tight junction proteins, changes in the astrocytic endfeet...) /. In addition, many
brain diseases are closely related to aging. Taken together, we suggest that response to TiO>
NPs exposure in aging brain may exacerbate BBB dysregulation and brain inflammation and
thereby promote neurotoxicity.

Based on this concept, the overall objective of my thesis project is to explore the in vivo impact
of exposure to TiO2 NPs on the BBB physiology and brain functions which could promote
neurotoxicity.
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Rational and hypothesis

For better assessment of potential titanium neuro-toxicity we need to describe precisely the
biodistribution of TiO2 NPs and access to the CNS in rats. By so doing, we intended to evaluate
the BBB physiology and brain inflammation after exposure to TiO2 NPs.

The time line of the experiments undertaken was as follows:

First of all, we expose adult rat by intravenous (IV) injection to TiO2 NPs suspension. The main
objective is to describe the biodistribution by escape the absorption step of the kinetic that is to
say the potential of the translocation across other physiological barriers such as the alveoli
barrier of the lung in the case of inhalation. We intended to focus on the brain distribution.
Secondly, this IV study aims to examine potential effects of a blood borne TiO> NPs exposure
on the BBB physiology. After intravenous injection, the only translocation pathway of the NPs
to the CNS is across the BBB. The physiology of the barrier can therefore be impaired by direct
interaction between TiO2 NPs transported by blood and endothelial cells of the BBB.

Second, we focused on the inhalation exposure. The inhalation experiment design follows
OCDE guidelines TG 412 for sub-acute exposure. This design aim to mimic workers exposure:
2 periods of 3 hours per day, 5 days a week during 4 weeks. The chosen concentration for
exposure was 10 mg/m® corresponding to the French OEL (Occupational Exposure Limit) for
ultrafine dust including TiO> NPs.

In the case of inhalation exposure, the distribution to the CNS can occur through several
pathways. First if the NPs could translocate across the alveoli barrier of the lungs, the NPs will
reach the blood circulation. Under this scenario, we could expect similar biodistribution profile
as after IV injection. Another pathway to the CNS is the transport through the olfactory nerve
directly to the olfactory bulb bypassing the BBB. This pathway remains debated. The NPs may
reach directly the brain parenchyma and induce neurotoxic effects. Choosing this exposure
route, the objective is to be representative of real environmental exposure conditions taking into
account the absorption steps.

In the last part of this project we expose aging rats and young adult rats to a TiO2 NPs aerosol.
This last step in the project aims to highlight age-related sensibility to NPs toxicity.
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Chapter II:
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Background

Part I: titanium dioxide (Ti0O) in the emerging nano
word

1. General definition of nanoparticles

The term "Nanoscience" covers generally the study of existing principles and properties
on the nanometer scale (Figure 1) at the level of atoms and molecules.

1mm

MICRO

NANO

Figure 1: Length scale showing the sizes of nanomaterials in comparison to various
biological components (from Buzea et al., 2007) ©°.

The aim of nanotechnology is to produce materials with nanometric dimensions, between 1 and
100 nm. These nanomaterials are made of nano-objects and are intentionally produced, unlike
the so-called "ultra-fine" particles that are of natural origin. Nanomaterials can be metals,
ceramics, polymers or silicates which have specific characteristics compared to the same
material at the macroscopic scale (thermal, mechanical, electrical, biological ...). The discovery
of these new physical, chemical or biological properties opens new possibilities for applications
in many and varied industrial fields.

A nano-object is an entity with at least one of the dimensions in the nanoscale: diameter, length
or thickness. Nano-objects can be classified according to their sizes in the three dimensions:
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* particles, quantum dots and fullerenes have their three dimensions in the nanometer range
(point);

* nanotubes, dendrimers, nanowires, fibers and fibrils have two nanometric dimensions (line);
« thin films have only one nanometric dimension (plan).

A nanoparticle (NP) (or ultra-fine particle) is defined by IUPAC (International Union of Pure
and Applied Chemistry) as a nano-object with three dimensions on the nanoscale. These NPs
may consist of aggregates of atoms (silver, gold ...) or small molecules (titanium dioxide, silicon
dioxide ...).

NPs may have several origins. They may be naturally produced, for example during volcanic
eruption, forest fires or due to erosion. The second origin is anthropogenic. These NPs are found
in the emissions of pollutants into the atmosphere (emission of diesel engines, cigarette smoke
...) or can be intentionally produced for the purpose of industrial applications. In this study we
have been focusing on TiO> NPs which are intentionally produced NPs.

2. Specific scale and properties

The small size of NPs allows their physical and chemical properties to differ from those
of the same materials on the macroscopic scale. Indeed, the physical and chemical properties
of a nanoscale particle don’t depend on the particle’s nature. For a particle with nanoscale
dimensions, the surface effect is much more important. Increasing the number of atoms in the
particle surface grants a higher reactivity (Figure 2). It is increased reactivity of these surfaces
which confer to the NPs these special properties including optical, mechanical, magnetic, or
catalytic /°. The emergence of new properties when decreasing the particle diameter may also
suggest a particular toxicity of NPs /7.
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Figure 2: Increase reactive surface as a function of particle diameter, specific cases of
atmospheric NPs (adapted from Oberdorster et al., 2005) °.

Among the outstanding properties of NPs (Table 1), we can point to:

- mechanical properties acquisition: strength increases (e.g. reinforcing materials with
carbon nanotubes (CNTs) /%).
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- electrical properties: increase of electrical conductivity (e.g. by adding CNTs to
composite matrix of Al,O3 %)or an increase in electrical resistance.

- Optical properties of NPs are also exploited: absorption of ultraviolet light (presence
of TiO2 NPs as ultra-violet filters in sunscreens) or fluorescence property at nanometric sizes.

- Finally, the small size of the NPs confers opportunities for interaction with biological
systems (increase biocompatibility, increased permeability for biological barriers ...).

Property Examples

Catalytic High catalytic efficiency due to high surface / volume ratio.

Electrical Increase in the electrical conductivity of the ceramic and magnetic
nanocomposites
Increase in the electrical resistance of metals

Magnetic Increased magnetic coercivity, superparamagnetic behavior

Mechanical Increased hardness and strength metals and alloys, ductility and
elasticity of super ceramics
Optical Spectral shift of the optical absorption and fluorescent properties
increase the quantum efficiency of semiconductor crystals
Steric Increase in selectivity, hollow spheres design for specific drug

transport and controlled dispensing

Biological Increased permeability at biological barriers interface (epithelial
barrier ...); increasing biocompatibility

Table 1: Summary of key properties of materials at nanometric sizes.

3. Market status

As a result of these properties, there has been a significant increase in the presence of
NPs in many products that are much in use on a daily basis. To describe NPs market, the
Woodrow Wilson International Center for Scholars and the Project on Emerging
Nanotechnology created the Nanotechnology Consumer Product Inventory in 2005. A recent
paper summarized this inventory with various description parameters “’. This inventory
contains products that can be readily purchased by consumers and said to contain nanomaterials
by the manufacturer or another source. This means that the number of commercial product is
underestimated giving the fact that there is no legislation in Europe or the United States that
obligates manufactures to declare nanomaterials compound in their products. Moreover, the
market for NPs worldwide represents billions of dollars annually of which 18 billion for the
sole pharmaceutical industry.
According to the consumer product inventory, the number of manufactured products containing
NPs and marketed globally increased 33 fold between March 2005 and March 2014 from 54
products surveyed in 2011 to 1814 in 2014 (Figure 3).
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Figure 3: Number of products containing nanomaterials on the market since 2005
(adapted from Vance et al., 2015) %°.

39 different types of nanomaterials were inventoried and metal nanomaterials (silver, titanium,
zinc and gold) are the most represented (Figure 4).
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Figure 4: Composition of nanomaterials in commercial products (from Vance et al.
2015)%.

Numerous areas of application are concerned, ranging from cosmetics, optics, textiles and food
processing to construction materials, electronics, air or water filtration system. Among
consumer products, it is important to note that most of them are listed in the category "health
and fitness products" (Figure 5).
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Figure 5: Major industrial fields using nanomaterials for consumer products (From
Vance et al. 2015)%.

Moreover, thanks to their special characteristics and their ability to cross biological barriers,
NPs are the subject of research for many medical applications including drug vectorization
strategies. A special interest is in the field of oncology where some NPs can be used as vectors
to target cancer cells specifically, thereby avoiding the major side effects of chemotherapy.
Their uses in medical imaging is also booming. And they have also been widely used in allied
fields, including cosmetics (e.g. presence of TiO> and ZnO; in sunscreens).

In France, manufacturers, importers and distributors on the national territory must report
annually to the Ministry for the Environment, identification, quantity and uses of nano-materials
and professional users. From 100 grams of nanomaterial used, the declaration must be made
with the status of the NP produced, imported or distributed. The declaration concerns NPs alone
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or in mixture, as well as products that potentially release NPs under normal conditions of use.
670 producers, importers or distributors declared 3409 products in 2012. This corresponds to
280 000 tons of substances with NP status produced in France in 2012 and 220 000 tons of
imported substances. A total of 500,000 tons of substances with NP status have been declared

and marketed in France?’.

4. TiO2 nanoparticles
4.1 Description

TiOz is a natural mineral that can be found in various crystal phases including rutile,
anatase and brookite and also in amorphous form (Figure 6). Main TiO; resources are located
in Brazil, China, Canada and Australia. The main minerals are ilmenite (FeTiO3, Fe>O3) and
natural rutile (TiO2). Global reserves are estimated at 600 Mt of TiO» equivalents. Two
industrial processes can be used to obtain pure oxide from ilmenite or rutile minerals #°:

Sulphate Process

Ilmenite (FeTiOs) is treated with concentrated sulfuric acid (H2SO4) and the titanium oxygen
sulfate (TiOSOs) is selectively extracted and converted into TiO».

1. llmenite is treated (digested) with an excess of concentrated sulfuric acid at around 100°C.
The following reaction takes place:

FeTiO; + 2H2SO4 — FeSO4 + TiOSO4 + 2H20

2. The waste product FeSOj4 is removed by crystallization and filtration after cooling to 15°C.
The titanium oxygen sulfate is hydrolyzed by heating the remaining solution at 110°C.
TiOSO4 + (n+1) H2O — TiO22nH20 + H2SO4

At this stage, sulfuric acid waste and a precipitate gel containing hydrated titanium dioxide are
produced.

3. Water is removed at temperatures between 200-300 °C:

TiO2enH20 — TiO; + nH>0O

Depending on the final heating temperature (800—850 °C or 900—930 °C), either anatase or
rutile is formed, respectively.

Chloride Process

The chloride process requires at least 70% pure rutile mineral which is a rare form.
1. TiOz is reduced with carbon and then oxidized with chlorine.

TiO2+C — Ti+ CO2 Ti + 2Cl, — TiCly

2. Liquid TiCly is distilled and converted back into TiO; at 1200-1700 °C.

TiCls + Oz — TiOz + 2Cl»
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The sulfate process requires the use of very large volumes of sulfuric acid and produces acid
waste. This acid waste is considered toxic for the environment. The chloride process has been
favored on financial and environmental grounds since the early 1990s.

The three common phases of TiO; are rutile, anatase and brookite. Rutile is the most
stable form of TiO,. Anatase and brookite are stable at normal temperatures but slowly convert
to rutile upon heating to temperatures above 550 and 750 °C, respectively. The crystal is formed
by repeating identical crystal cell. All three forms of TiO» have six co-ordinated titanium atoms
in their crystal cells. Both rutile and anatase structures are tetragonal (Figure 6). The anatase
crystal cell is more elongated but the atoms in the rutile form occupy less space. This makes
the rutile form more stable especially at high temperatures. The stability but also reactivity of
TiO2 depends on this crystal structure, the size and shape of the particles. For example, the
crystal’s form that has the highest catalytic activity is anatase”.

rutile anatase

Figure 6: Crystal structure of the two main forms of titanium dioxide, anatase and rutile
(from Buzea et al., 2007).

Ti0; has been used in industries since the early twentieth century. In 2005 the global production
of TiOz2 NPs was estimated at 2000 metric tons representing a $70 million market. The
production increased to 5000 metric tons in 2010, and it is expected to continue to increase until
at least 2025 with greater reliance upon nano-size TiO:. Indeed, today, because of its interesting
properties in nanoparticle form, TiO2 NPs is one of the most NPs exploited by industry all fields
together ?’. In France according to data from mandatory annual declarations, 14 321 436
kg of TiO2 NPs were produced or imported in 2012.

4.2. Properties and uses
4.2.1. White pigment

Historically, bulk TiO» is used as white pigment and opacifier because of its refractive
index and whiteness. Therefore, it is a component of paint, plastics, paper and inks. As it is also
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odorless and tasteless, it is found as opacifier excipient in many medicines mainly in capsules
envelope and tablets coatings. It also enters into the composition of medicinal preparations for
dermal application and in many health-care products (tooth paste and cosmetics) where it is
noted CI 77891.

TiO; is a food dye, E171, which is listed in the Codex Alimentarius (guidelines and codes of
practice written by the World Health Organization). It is known to be used in sweet
manufacturing and pastry but concerns a very wide range of other food products without official
limited dose.

In this application, TiO2 is used as a bulk material. However the presence of a nanometric
fraction among the material cannot be neglected. For example, for food grade TiO> (E171)
fraction of particles under 100 nm, thus corresponding to the strict definition of NPs has been
estimated at 36 % by Weir et al. and 5-10 % reported by Peters et al ?% °,

4.2.2. UV protection

Ti0; is widely used by the cosmetics industry as a pigment but also as a UV filter,
because of its refractive index and its UV absorption properties in its nanometric form. TiO2 is
a mineral UV filter which therefore causes fewer photo-allergic reactions than chemical filters.
So then it enters into the composition of almost all sunscreens currently on the market. In
addition, the nano form of TiO; is more interesting than the micrometric form in sunscreens
since the decrease in particle size makes it less opaque and therefore leaves less white marks
on the skin after application. TiO; as UV filter can be used up to a maximum concentration of
25% of the finished product in France .

The UV protection ability of TiO2 NPs is also exploited as a filter in glass bottle containing UV
sensitive products or other specialized glass.

4.2.3. Photocatalysis applications

The anatase crystal phase of TiO, has a photocatalytic activity ** 7?5, Under UV light
activation, particles degrade organic compounds. It is strongly determined by its crystallinity
and particle size. Indeed, the high surface area per mass unit in nano-powder creates a larger
catalytic surface for the production of hydroxyl radicals that are strong oxidizing agents. This
property is exploited to catalyze pesticides degradation in water treatment systems or catalyze
NO> from air pollution when introduced in air depollution systems or materials such as for
concrete coating. Since thin films are transparent, TiO; is also introduced into glass to give self-
cleaning and anti-fogging properties 2% 3.

This photocatalysis activity is also active on viruses and bacteria /. Pure TiO2 NPs or TiO2 NPs
doped with other materials such as iron or silver exhibit antimicrobial properties %33, TiO» NPs
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composites have been shown to be effective at disinfecting air and surfaces for hospitals .
Antimicrobial clothing has also been developed using this property %°.

4.2.4. Health care applications

Many applications TiO2> NPs are considered in medical fields. Firstly, in the field of

composite for bone tissue engineering. TiO2 NPs in medical implants, orthopedic in particular,
could have interesting properties. On the one hand because of the bactericidal action, TiO2 NPs
would prevent post-operation site infections 9. These properties are exacerbated in the case of
TiO> nanotubes combined with silver NPs % ¥ On the other hand, TiO» improves the
mechanical properties of orthopedic prostheses (e.g. strength) 7. Several studies have shown
that the presence of TiO» NPs as a carrier improves the formation of apatite, a biomaterial
widely used in the field of bone repair, bone implants and as a bioactive material *%. In addition,
the presence of TiO2 NPs in biological implants increases the proliferation and differentiation
of cells, thereby increasing the biocompatibility of the implant. Moreover, TiO> nano-tubes
have been incorporated into bandages in order to enhance blood clotting and prevent bacterial
infection 3% /.
In the oncology field, studies have demonstrated interest of TiO> NPs uses in anti-cancer
strategies: first because of the photo-killing activity to malignant cells, secondly as a drug
delivery system in order to minimize side effects ?* */. TiO, NPs have also been studied as
carrier for other drugs such as anti-epileptic drugs because it improves delivery efficiency,
control in doses, prolongs the time of exposure to the drug and reduces toxicity.

TiO2 NPs have been studied for cell imaging when labelled with fluorescent dye or magnetic
contrast agent. Those TiO> nano-structures have been usefully used in vitro and in vivo in
fluorescence microscopy and magnetic resonance imaging (MRI).

Other researches have focused on genetic engineering and biological test application for
diagnosis improvement.

Finally, TiO2 NPs mimic the enamel opalescence of human teeth when incorporated in resins
and thus constitute an interesting material for dental prosthesis?*#,
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Part II: TiO; NPs exposure and human health risk

1. Specificity and complexity of nanoparticles risk assessment

Among acquired NPs properties, interactions with the living still need keen attention.
Indeed, specific properties appear with decreasing particle size. Some of these features are of
interest in the medical field, in both diagnostic and therapeutic points of view. However, the
emergence of these new properties to the state of NPs suggests that knowledge about the safety
or harmfulness of these bulk materials may not be applicable to their NPs.

Because of their small size and their high activated surface, interactions with living
constituents are facilitated (a NP is 100 000 times smaller than a human cell). NPs therefore
become issues in toxicology. Conventional toxicological tests have been used to assess the
danger of a substance, conclusions therefore cannot be assumed for their NPs. The most
important point in NPs risk assessment is to gain knowledge about the factors and properties
which play a major role in promoting their toxicity. These additional specific parameters have
been presented in several reviews including : Buzea ef al. 2007, Oberdorster et al. 2005, Borm
et al. 2006, Donaldson et al. 2004, Nel et al. 2006, Suh et al. 2009, Jones et al. 2009, Arora et
al 2012 15-17.45-49.

These settings are mainly physicochemical characteristics:

e Size

e Distribution in size

o Shape (sphere, needle, cube, tube ...)
o Surface chemistry and reactivity

o Purity

e Crystal structure

o Stability

e Surface Reactivity

e Chemical surface functionalization
e Porosity

e Solubility

e Aggregation and agglomeration

The conventional parameters that still need to be considered are:

e Dose tested

e Exposure time

e Administration route
e Biological target
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The complexity of the physicochemical parameters and variables to consider are summarized
in the following diagram:
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Figure 7: Variables and physicochemical parameters that need to be take into account
during nanotoxicology studies (adapted from Ostiguy et al., 2010)"’.

2. Exposure route and entry pathway in the organism
2.1. Exposure route

It is very difficult to estimate exposure to the population that may occur during the

production of NPs, their handling or their use. In addition, exposure to manufactured NPs can
intervene directly through the use of cosmetics, food, textile,... or result indirectly from wear
or degradation of nanomaterials and thus from the release NPs present in electronic devices,
paints and inks ... (Figure 8). Routes of exposure to NPs are: inhalation of NPs suspended in
the air or skin contact, ingestion and injection based on their applications and uses.
Among the exposed population, we see that the workers are the subcategory the most in contact
with the NPs in the manufacturing process. In the general population, there is also a particular
susceptibility of children, the elderly population */, pregnant women and diseased people to
atmospheric NPs, given their stage of development and exposure 72 7.
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Figure 8: Possible exposure routes for current and future nanomaterial applications.

The four routes of exposure to consider in the case of TiO» NPs are:
e Skin exposure by application of cosmetic and sunscreen for example
e Ingestion of food containing E171
e Inhalation mainly during the production or handling of TiO> powder

e To alesser extent directly by liberation in the blood in context of biomedical
application.
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2.2. Translocation and Interaction across physiological barriers

In biology and medicine, the concept of barrier applies to many systems that form an
obstacle between two compartments, e.g. skin barrier, gastrointestinal, alveolar-capillary,
placenta, testicular, blood-brain, glomerular in kidneys ...

These surfaces represent interfaces between the external environment and the organism or
between two internal compartments, playing a critical role in the protection against the intrusion
of toxic compounds such as NPs. While the skin acts as a single barrier, transport mechanisms
are possible through the gastrointestinal barrier, lung or blood brain barrier. To understand the
distribution in the body and the toxicity of NPs (pulmonary toxicity, neurotoxicity or fetal
toxicity for example), it is therefore required to study the interactions between these barriers
and NPs. A number of studies on rodents have demonstrated that NPs may translocate across
physiological barriers such as respiratory and vascular epithelium and may subsequently
distribute around the body in various organs and tissues, explaining major concerns as regards
their potential specific toxicity.

2.2.1. The pulmonary barrier

The human respiratory system is an exchange surface with the outside environment of
75 to 140 m?. The respiratory system can be divided into two major parts:

 The upper (mouth, nose, pharynx, larynx) and lower airways (trachea, bronchi, bronchioles)
allowing transport of inhaled and exhaled air and inhaled air conditioning.

* The alveoli where gas exchange occurs.

The airways are a relatively robust barrier. The air passages are covered by a pseudostratified
epithelium composed of three cell types (Figure 9):

* Epithelial ciliated cells.
e Goblet cells that secrete mucus.

* Basal cells which are located between the basal surfaces of ciliated cells, they are able to
replace other cells of the epithelium.
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Ciliated cell
Goblet cell

Basal cell

Figure 9: Cells of the respiratory epithelium (available at:
https://classconnection.s3.amazonaws.com/445/flashcards/491445/jpg/cells_of respiratory ep
ithelium1317806846914.jpg).

The mucocilliary clearance allows evacuation to the trachea of inhaled particles. It
corresponds to the combined action of mucus that removes particles and movement of epithelial
cilia. Mucus secreted by goblet cells and submucosal glands consists of 2 layers:

* A superficial viscous layer that traps particles and is propelled towards the pharynx.
* A deep fluid layer, that is an aqueous medium adequate for the cilia beats.

Mucus also contains proteins involved in immune reactions. Once in the trachea, the secretions
are coughed out or swallowed. Other clearance mechanisms can occur: passing into the blood
or lymphatic circulation or phagocytosis by macrophages of the alveoli.

At the bronchioles level, transition zone before the alveoli, the epithelium is slightly
different, there are two cell types: epithelial ciliated cells and Clara cells, prismatic cells without
cilia easily identifiable by their apical pole-shaped prominent dome of the cubic epithelium.

The cell walls are formed by an epithelium resting on a connective tissue containing a
rich network of capillaries (Figure 10). The wall also contains alveolar macrophages that can
phagocytose particles. These macrophages are then either transported into the lymph vessels to
the hilar lymph nodes, or driven by the alveolar air in the bronchioles, bronchi and trachea,
sticky in the mucus and swallowed in the pharynx. This simple squamous epithelium consists
of two cell types, type I and II pneumocytes connected by tight junctions. Type I pneumocytes
are suitable for gas exchange and represents 90% of the alveolar surface while the type II
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pneumocytes secrete a surfactant which forms the mono-layered film lining the alveoli and
preventing the collapse of the alveoli when breathing out.

Basal lamina

e .%Sh‘rfactant

A .

Alveolus

Figure 10: Schematic view of the structure of a pulmonary alveoli and its environment
(available at: https://ak47boyz90.files.wordpress.com/2009/08/picturel7.jpg?w=510).

The alveolar-capillary barrier also called air-blood barrier is reduced to a thickness of 2.2
microns. It is composed of only four elements:

* The surfactant
* The cytoplasmic sail of a type I pneumocyte

» The single basal membrane resulting from the fusion of the basement membrane of
pneumocyte I and the basement membrane of endothelial cell

* The thin cytoplasm of an endothelial cell

It is at this level that haematosis takes place, that is to say, the gas exchange between air and
blood. The haematosis is a passive phenomenon that directly results from the presence of
appropriate pressure gradients on both sides of the air-blood barrier: oxygen goes from a high
partial pressure area (alveolar cavity) to a lower pressure area (plasma) and carbon dioxide takes
the opposite direction.

36



Background

2.2.1.1. Pulmonary toxicity

The respiratory tract is one of the main routes of exposure to NPs. The elimination of
these NPs could occur by mucociliary clearance in the conducting airways as well as the
alveolar clearance achieved by macrophages in the alveoli. However, there is increasing
questioning about the uptake of NPs by different cell populations at the pulmonary level and a
possible translocation through the epithelium towards the interstitium and/or the blood stream.

The pulmonary system is an exchange surface with the external environment of 75 to
140 m?. Airways represent a relatively robust barrier formed by a layer of mucus and a
pseudostratified epithelium. The lung is a primary target organ of NPs exposure via inhalation
in the occupational setting. The toxic effects of TiO> NPs on pulmonary system has raised
concerns and in recent years, more and more studies have investigated this lung toxicity. A few
epidemiologic studies have surveyed the carcinogenicity of TiO in workers employed in
Ti0O; production factories. The results were reviewed by NIOSH in 2005 and reveal elevated
risks of lung cancer mortality or morbidity among workers exposed to TiO> dust **. In 2006,
the International Agency for Research on Cancer (IARC) classified pigment-grade TiO: in
Group 2B as “possibly carcinogenic to human beings”.

Toxic effects of NPs in the lungs depend upon their site of deposition and their time of
residence in the lungs. The behavior of NPs during their deposition and their clearance from
lungs is different from larger particles. The main mechanism for NPs deposition in the lungs is
indeed the diffusion while other mechanisms such as inertial impaction gravitational settling,
and interception contribute to larger particles deposition %. Thus, particles smaller than 10
microns may reach the alveoli while larger particles remain in the airways *°.

Inner surface of the alveoli is formed by a simple squamous epithelium (pneumocytes
type I and II) based on a tissue rich in capillaries. Once NPs are internalized in living cells of
the alveoli, they may have the ability to pass into the bloodstream. For example, **™technicium
carbon NPs have been observed in the liver of healthy volunteers after inhalation *°. The
eventuality of a translocation to the blood stream from the lungs is also supported by
observations of extrapulmonary effects in epidemiological studies (e.g. cardiovascular effects)
57

Nearly thirty studies have addressed the pulmonary effects induced by TiO, NPs during
inhalation experiments in rodents /% **. Several routes of exposure have been used, inhalation
staying the most relevant for the human exposure (after tracheal instillation, a fraction of the
dose can be swallowed and the resulting distribution can be sidestepped with oral route). Toxic
effects observed after in vivo studies by inhalation or by tracheal instillation of TiO2 NPs relate
primarily the induction of local inflammation characterized by infiltration of neutrophils and
macrophages, damage to the epithelium with an increase in permeability and apoptosis **-7/.
After an acute exposition and a recovery period, the inflammation parameter returns to normal
levels 7 73, Limitations of air flow have also been observed 7.

Toxicogenomic studies provide insight into the mechanisms of toxic actions. Chen et
al. 2006 %> have used this method and shown that the morphological and histological changes
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in the lungs were associated with changes in the expression of many genes including some
involved in cell cycle regulation, apoptosis, cytokines, and the complement cascade. The gene
expression of chemokines associated with emphysema and apoptosis of alveolar epithelial cells
was increased. Park et al. 2009 % by the same method have confirmed these observations and
also showed the increase of gene expression involved in antigen presentation and induction of
chemotaxis of immune cells. Overexpression of genes of acute inflammation and immunity was
also confirmed by Halappanavar et al, 2011 7.

The in vitro studies on various cell lines representing different cell types of the lungs
correlate with in vivo observations and strengthen these mechanisms of action.

e decrease cell viability 77’

e increase inflammatory parameters /- 7987,

e increase the release of ROS 7% %% 5586 The MAP kinase pathway may be altered
in the presence of ROS. This pathway is involved in the activation of
transcription factors including nuclear transcription factor NF-kB which control
the expression of numerous genes involved in inflammation. The release of ROS
therefore potentially impact the activation of many genes involved in
inflammatory response &’

e induction of apoptosis 7% %/

For inorganic NPs, mechanisms of action at the cellular level are documented through

the toxicogenomic studies. The mechanisms discussed can help understand the emitted
hypothesis of a link between exposure to NPs and some human diseases such as asthma or
chronic bronchitis. However, the deterioration of lung functions has yet to be directly related to
the exposure to NPs.
Raising concerns on NPs lung toxicity have led the NIOSH in 2011 to recommend an exposure
limits of 2.4 mg/m? for fine and 0.3 mg/m? for ultrafine dust including TiO> #. This literature
review pointed a lack of data regarding risk assessment. Therefore, experiments with inhaled
NPs are highly relevant means of acquiring sound toxicological data on nanomaterials.

2.2.1.2. Translocation across the alveoli barrier

There is increasing questioning about the uptake of NPs by different cell populations at
the pulmonary level and a possible translocation through the epithelium towards the interstitium
and/or the blood stream. Despite many studies on the pulmonary toxicity of TiO» NPs,
information on their ability to cross the lungs blood barrier remains insufficient. Indeed, several
in vivo inhalation studies have demonstrated that inorganic NPs could cross the lungs blood
barrier, be translocated into the bloodstream and be distributed to other organs: Takenaka et al.
report that after a 6 hour inhalation exposure to silver NPs (4-10 nm), a small amount of
particles was recovered in the liver, spleen, brain, heart, and blood of rats 30 minutes after
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inhalation #; Yu et al. observed gold NPs in the heart, liver, pancreas, spleen, kidney, brain and
testis in rats exposed to gold NPs by inhalation (majority with a size <35 nm) for 15 days*’;
Geraets et al. highlighted translocation to extrapulmonary organs of cerium oxide NPs (5-10
nm) observed 6 hours after the end of exposure *’and a study by Kwon et al. shows that
inhalation exposure to fluorescent iron containing magnetic NPs (size 50 nm) for 4 weeks (4
hours/day, 5 days/week) resulted in measurable NP distribution to the liver, spleen, lung, testis
and brain in mice ?’. Furthermore, two separate studies report long-term NP biokinetics in
secondary target organs over six months after a single short-term iridium NP inhalation '3 14,
When 15-20 nm iridium NPs were administered by inhalation, iridium could be detected in the
brain up to 6 months after exposure .

After intratracheal instillation, several studies have highlighted titanium translocation to
extrapulmonary organs such as the liver or spleen (Table 2). However this mode of
administration is not sufficiently representative of an environmental exposure and certainly
overestimates the passage of the lungs blood barrier. After inhalation of NPs TiO; in rats,
internalization of NPs in the cytoplasm of all cell types of the lung has been observed (epithelial
cells, capillary endothelial cells, fibroblasts in the interstitium ...) °* . However, no studies after
inhalation have helped highlight titanium in extrapulmonary organs other than the mediastinal
lymph node and connectives tissues.
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References Model Administration Dose and duration Outcome
mode of treatment
Shinohara et al. ; 2014 intratracheal NPs in medlatmal_ lymp h node and
95 rat instillation 0.375- 6.0 mg/kg small amount of TiO; in the liver by
3 days after the administration
. 9% . intratracheal small amount of Ti in liver and
Zhang et al. 5 2013 mice instillation 1 mg/kg spleen
Shinohara et al.; 2015 intratracheal Ti in thoracic lymph nodes and small
97 rat instillation 0.375-2.0 mg/kg amount in kydneys, spleen and brain
Husain et al. 5 2015 mice Hilltlr:tl;lr& (?:21 18 or 162 pg/ animal Ti in blood, heart and liver
3
Takenaka et al ;. 1986 . . 8,6 mg/m? for NPs in macrophages and in
99 rat inhalation 7hr/day, 5 days/week .
up to 1 year perivascular spaces
23mg/m? for . . . o
Ferin et al. ;1992 1% rat inhalation 6hr/day, 5 days/week NPs in the interstitium, epithelial
up to 12 weeks cells and alveolar space
Geiser et al. ;5 2005 % rat inhalation 0,11mg/m? for 1 hr NPs in connective tissues and
capillaries
Mubhlfeld ﬁ)tz al. 52007 rat inhalation 0,11mg/m? for 1 hr NPs in conne§tlv<? tissues and
capillaries
3
Vanal;z}vze(;l 029w ,%?y et rat inhalation fz)?%}?/ri;sfgrnslgégs NPs in mediastinal lymph node
N . _ 3
Ma-Hock ,% al. ; 2009 rat inhalation 2-30 It%%/;n d:ylslr/day NPs in mediastinal lymph node
: : i} 3
Land;:)eﬂe,lof tal; rat inhalation 2-30 It{l)%/;n d:ylslr/day NPs in mediastinal lymph node

Table 2: Studies reporting translocation of TiOz2 NPs to extra-pulmonary organs after
intratracheal instillation or inhalation.

2.2.2. The intestinal barrier

The wall of the whole digestive tract has a complex structure, consisting of four
successive coats from the outside inwards: the serosa, muscularis, submucosa and the mucosa

(Figure 11).
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Figure 11: Digestive tube mucosa structure (available at:
http://www.corpshumain.ca/en/images/excret_intestin_paroi_(FF) en.jpg)

The structure of the lining differs substantially from one end to the other of the digestive tract,
reflecting differences of activities and functions of each segment of the tract. The mucous
membrane is constituted of three layers: the muscular, connective tissue rich in blood and lymph
capillaries and the monolayer epithelium formed enterocytes associated with goblet cells that
secrete mucus, enterochromaffin cells, endocrine cells and exocrine Paneth cells.

Given the importance of the oral route and the surface of the digestive system, the
gastrointestinal barrier is the first surface in contact with xenobiotics. The intestine acts both as
a filter to allow the passage of nutrients from the digestive lumen to the blood but also as a
barrier opposing the intrusion of toxic microorganisms, viruses present in large quantity in the
digestive lumen.

Several parameters allow the digestive system to perform its function as a barrier (Figure 12):

* The peristatic bowel movements that prevent retention and therefore proliferation of
microorganisms in the intestine.

* The intestinal flora is essential to the development and differentiation of intestinal epithelial
cells. Commensal flora also plays a critical role in the development of the immune system.

* The epithelial barrier consists of a simple columnar epithelium made by brush border
enterocytes and goblet cells. The mucus secreted by goblet cells prevents the ingress of
microorganisms and toxic substances present in the intestinal lumen. This mucus is divided into
two layers: a water-insoluble gel (30 to 450 pum thick) adhering to the mucosa and a water-
soluble viscous gel layer covering the so-called stagnant water layer. The gel is made by the
polymerization of mucin and forms a physical barrier between the epithelial cells and organisms
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or toxic substances present in the intestinal lumen. Epithelial cells also secrete antimicrobial
peptides (B defensin for example) which has a lytic effect on bacteria. The actual separation
between the body and the external environment is formed by the monolayer of epithelial cells.
Epithelial cells are interconnected by complex intercellular junctions. Enterocytes are
cylindrical cells with microvilli at their apical side. Junctions connecting the cells ensure the
mechanical coherence of the barrier and facilitate communication between enterocytes.

» The immune cells present in the gastrointestinal tract allows the setting of an immune response
against the potentially harmful microorganisms while maintaining a tolerance for the
commensal flora. GALT (Gut Associated Lympoid Tissue) is an associated lymphoid tissue in
the gastrointestinal mucosa. GALT includes diffuse sites in the mucosa and organized structures
such as Peyer's patches, mesenteric lymph nodes, isolated lymphoid follicles or plates crypts.
Peyer plates are the primary site for the induction of inflammatory reactions. They are
aggregations of lymphoid follicles in the basal lamina of the terminal portion of the ileum.
These lymphoid follicles, consisting largely of B and T cells, are separated from the intestinal
lumen by special epithelial cells called M cells (for Microfold cells). The high endocytic activity
of these M cells makes them particularly suitable for interaction with microorganisms and
particulates present in the intestinal lumen.

From the intestinal lumen, the molecules have to cross different layers successively before
reaching the blood:

1) the mucus layer

2) epithelial cells: at this level there are several modes of transition: The transcellular passage
(passive diffusion through the membrane, passive diffusion through a channel, facilitated
diffusion, which requires a carrier but not energy, active transport, endocytosis ) or paracellular
passage which concerns only small molecules (water, ions and monosaccharides) that diffuse
according to their concentration gradient.

3) the basement membrane (7-9 nm) (this is a classic layer that consists of laminins, collagens
(predominantly collagen IV), proteoglycans, calcium binding proteins such as fibulin, and
various other structural or adhesive proteins)

4) the fenestrated capillary
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Figure 12: Actors at the intestinal barrier.

2.2.2.1. Gastro-intestinal toxicity

NPs which come into contact with the gastrointestinal barrier may have several origins:

1) NPs directly ingested in food, water, cosmetics (toothpaste and lip balm) or

2) inhaled NPs which take the mucocilliary escalator then pass through the digestive
tract after swallowing /7.
Children under 10 years are the most exposed consumers, with an average intake of 1 to 2 mg
of TiO: per kilogram of body weight per day against 0.2-0.7 mg for other consumers **.

The study by Wang et al. 2007 made possible to show that TiO, NPs administered as a single
dose could cross the digestive barrier without inducing acute toxic effect in the digestive tract
1% Sycheva et al. 2011 highlighted the genotoxic potential of TiO2 NPs in mice after oral
administration /%, Despite positive mutagenicity tests in vitro !
TiO2 NPs has been detected on the intestinal cells.

% no carcinogenic effect of

Studies of intestinal barrier in vitro models using Caco2 cell line have confirmed that NPs TiO»
were able to cross the intestinal epithelium /%, The lack of cytotoxicity and the maintenance of
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the integrity of the monolayer cell suggest that TiO> NPs cross the epithelial layer by
transcytosis. This study has also highlighted the accumulation of TiO2 NPs at the brush border
and structural changes of the enterocytes: disappearance of microvilli associated with an
increase in intracellular calcium /%’. The increase in intracellular calcium might be the starting
point of the disappearance of the microvilli mechanism. Indeed, the microvilli are formed
through cytoskeletal proteins. These proteins (e.g. actin) are calcium dependent that is to say,
they are rearranged in the event of modulations in intracellular calcium concentration. These
changes are not lethal for the enterocytes but alter their functions. A previous study on human
colon carcinoma cells (LS-174-t) showed absence of cytotoxicity of TiO2 NPs on cells from
intestinal origin //°. Another study by Brun et al. 2014 compared in vitro, ex vivo and in vivo
impact of TiO> NPs in gut epithelia ///. It highlighted increased paracellular permeability
associated with deregulation of genes encoding for proteins involved in cell junctions. Recently,
Dorier et al. have investigated efflux pumps functions of Caco2 barrier after acute exposure to
TiO2 NPs /2. They have revealed increased regulation of ABC and SLC transporters suggesting
increased barrier capacity against xenobiotics. Increased ROS production and dysregulation of
redox balance has also been observed.

Observations from in vitro studies are not transposed in vivo. This likely reflects the rapid
turnover of the intestinal epithelium. Chronic exposure over longer periods would therefore be
interesting to understand functional consequences in vivo and to establish the link with
pathological conditions of the gastro-intestinal tract. Indeed, NPs (carbon, calcium, silver, silica
...) have been found in large quantities in the colon of patients affected by Crohn's disease,
ulcers or cancers />, NPs found in these patients were absent in healthy people. These NPs are
considered non-toxic at larger dimensions. Crohn's disease is due to a combination of genetic
and environmental factors. These data suggest a link between this disease and a NPs rich diet.
A diet low in NPs even seems to reduce the symptoms of Crohn's disease //# /. The suggested
mechanism of action is the exacerbation of a local inflammation by NPs which trigger an
increase in the permeability barrier observed in the case of a pathology such as Crohn's disease.

2.2.2.2. Translocation across the intestine

Most studies indicate that the majority of ingested NPs is rapidly eliminated in feces: 98%
in 48h 9. In the lumen, the NPs are in contact with a complex mixture of compounds including
food, digestive enzymes, bacteria ... The NPs interact with these compounds which helps
explain their rapid elimination with the bolus. However, in vivo data have showed that some
NPs can be translocated to the digestive lumen to the blood, liver ... (Table 3). The translocation
might occur through enterocytes monolayer or by interaction with the Peyer's patches cells //°.

The transport mechanisms of NPs through the gastro-intestinal mucosa are still being
studied (transcytosis by vesicle carriers ...). Several in vivo studies have nonetheless helped to
highlight an uptake of NPs across the intestinal barrier /%% //7-/7 'Only one in vivo study clearly
demonstrated this translocation for TiO> NPs 25 and 80 nm after gavage in mice '?°. Significant
amount of titanium was assayed in the liver, spleen, lungs and kidneys of the treated animals.
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In other studies, the translocation is suggested due to observed TiO> NPs in lymphoids tissues
close to gastro-intestinal epithelium.

Nanoparticles

Models Outcomes References
accumulation in gut associated Jania ef al. -
TiO; 500 nm 12,5 mg/kg during 10 days lymphoid tissues, lungs and 1994 ! 197
peritoneal tissues
TiO; 25 and
80 nm rutile  Single gavage to mice 5g/kg, dosage = NPs in liver, spleen, lungs and Wang et al. ;
TiO2 155 nm after 2 weeks kydneys 2007 1%
anatase
. oral administration to rat for 13 ]
Ti0>25 nm weeks, 7 days/weeks, 260,4-1041,5 low absoprtion Cho et fjé"
P25 2013
mg/kg
TiO, with
different size- oral administration, single or 5 small amount in mesenteric Geraets et
range and administrations of 2.3 mg/rat lymph nodes al. ;2014 "%
crystal form
TiO2 6 nm  Oral administration 2-10mg/kg daily .. . Hong et al.;
anatase for 6 months Tiin the liver 2014 %
TiO212 nm single oral gavage 12,5 mg/kg to Ti rich regions in peripheral Brun et
95% anatase mice zone of lymphoid nodules al. ;2014 "
TiO; 15 nm Single oral dose Smg/kg to healthy No evidence of titanium Jones et al.;
anatase human volonteers absorption 2015 %

Table 3: In vivo studies that evidence TiO2 NPs translocation across the gastro-intestinal

tract.

2.2.3. The skin barrier

The skin is one of the tissues that is the most in contact with the external environment.
Its average area is evaluated to 2 m2. The skin is made of several layers (Figure 13):

* The epidermis
* The dermis
* The hypodermis
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Figure 13: Schematic representation of the skin layers (available at: http://biology-
forums.com/gallery/14755 16 09 12 5 57 13 87522080.jpeg).

The hypodermis is a loose connective tissue consisting mainly of adipose cells that store
lipids. Adipose cells are grouped into lobules separated by connective tissue. The hypodermis
serves as a heat insulator, lipid reserves and mechanical protection.

The dermis is a connective tissue innervated and vascularized. It plays a role of support
and nutrition of the epidermis and annexes structures, but is also involved in thermoregulation,
wound healing and defense against pathogens due to the presence of immune cells (dendritic
cells, macrophages and lymphocytes T). Fibroblasts are the main cell type of the dermis. They
synthesize collagen and elastin, which confer mechanical strength and elasticity to the skin. The
epidermis is the outermost skin structure. It is a multilayered keratinized and squamous
epithelium. Its thickness is about several hundred micrometers, and varies depending on the
anatomical areas.

The epidermis consists in more than 90% of epithelial cells called keratinocytes, the
other cells corresponding to melanocytes (which synthesize the pigments required for photo-
protection), Langerhans cells (dendritic cells providing immune protection) and Merkel Cell
(which function as mechanoreceptors). The epidermis consists of five layers of superimposed
cells (Figure 14):

* The basal cell layer or stratum basal: layer of columnar or cuboidal cells attached to
the dermis by the dermal-epidermal junction. Keratinocytes of the basal layer are the only
mitotically active and relatively undifferentiated ones. They ensure the renewal of the epithelial
cells of the epidermis.
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* The pickle cell layer or stratum spinosum: composed of 5 to 10 foundation of
cylindrical cells. "Spines" visible by optical microscopy are actually desmosomes, from which
many intermediate filament bundles converge ensuring mechanical intercellular cohesion.

* The granular cell layer or stratum granulosum: consisting of 2 or 3 layers of flattened
keratinocytes containing keratohyalin granules in their cytoplasms. These keratinocytes also
contain tubulo-vesicular structures called lamellar bodies or keratinosomes. They play a major
role in the establishment of the epidermal barrier function by dumping their protein and fat
contents by exocytosis in the interface stratum granulosum / stratum corneum leading to the
formation of an intercorneocyte cement.

* The stratum lucidum: it is a clear cell layer only found in thick skin. The cells appear
flattened with very few organelles.

* The horny layer or stratum corneum: composed of thirty dead keratinocytes layers and
anucleated then called corneocytes. The cell organelles and the nucleus have been degraded and
cytoplasm transform in a fibrous matrix of keratin and filaggrin. The cytoplasmic membrane is
replaced by a rigid and insoluble shell. This layer is highly lipophilic and represents a robust
physical barrier.

Stratum 2 45 % > Dead
corneum = ot P keratinocytes
Stratum
lucidum
Stratum
granulosum Lamellar granules
Keratinocyte
Langerhans cell
Stratum
spinosum
Melanocyte
Stratum Merkel cell
basale Tactile disc
Bimis Sensory neuron

Figure 14: The five epidermal layers (available at:
http://spaces.imperial.edu/thomas.morrell/Picture2.jpg).

47



Background

2.2.3.1. Cutaneous toxicity

The skin has been a source of particular attention given the presence of TiOz in
sunscreens and other cosmetics. The observed effects are variable depending on the cell type
used and the physicochemical parameters of the particles (size, coating ...). In vitro, these effects
are a decrease of cell proliferation associated with increased production of reactive oxygen
species (ROS) and antioxidant depletion. Genotoxicity phenomena related to oxidative stress
were also demonstrated on fibroblasts /?* /7. TiO2 NPs absorbs UV light and in an aqueous
medium and generate free radicals (superoxide, hydroxyl) hydrogen peroxide or singlet oxygen,
which can cause oxidative damage to DNA %% 7?6, In vivo observations are contradictory: some
studies have shown histopathological changes of skin structures without clinical signs in pigs
after application for 30 days while other studies have not been able to confirm these results /2"
128 The influence of co-exposure to TiO2 NPs and UV light (ultraviolet) has yet to be studied.
In addition, the effects on damaged skin, for example in case of burns due to exposure to UVB
or aging skin are also unknown. Toxicity data after application on injured skin (wounds,
bedsores) are scarce. Studies on longer applications corresponding to the reality wound
treatment with wound dressings in humans also need to be conducted.

2.2.3.2. Translocation across the skin

The dermal route is one of the most studied exposure routes due to the massive use of
NPs in cosmetic products but also in bandages and textile. The dermis is a tissue rich in blood
and lymph vessels, dendritic cells, macrophages and nerve endings. Thus, NPs crossing the
stratum corneum and epidermal thickness are potentially available for distribution to secondary
organs.

Translocation from a topical administration to the lymphatic system has been shown
with soil particles accumulating in patients suffering from podoconiosis /%

Several studies have investigated the dermal absorption of manufactured TiO» NPs. The
results are highly variable which is explained probably by the variety of techniques and models
used (in vivo and in vitro). So far, healthy skin is considered to provide an effective barrier, the
risk associated with this exposure route is estimated to be relatively low (Table 4). However,
some conflicting studies suggest that this path cannot be neglected because NPs can pass
through the stratum corneum layer of the epidermis to reach the dermis.
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Nanoparticles Models Outcomes References
TiO; coated 20 In ‘gl‘;?lni‘f;?ei :I(’) I;l 1{[;(:: on localization exclusively on the Schulz et
nm; TiO; 10-15 outermost layer of the human stratum al.; 2002
forearm of a human 130
nm corneum
volunteer
TiO; 45-150 nm . C NPs penetrated into the stratum Menzel et
long and 17-35 In vivo: pig skin biopsies o al. ;2004
. granulosum via intercellular space 131
nm wide
TiO; (from [n vivo: p enetrg tion via NPs were observed having penetrated Kertesz et
. human foreskin grafts .
commercial into the corneocyte layers of stratum al. ; 2005
transplanted to 130
sunscreen) . . . corneum
immunodeficient mice
TiO; coated with Gamer et
silica 30-60 x 10 In vitro: porcin skin No penetration al.; 2006
133
nm
In vitro: vertical diffusion Wu ef al. -
TiO210-60 nm cells with full-thickness NPs in 5 epidermal layers 21(1) 069 6112}; ’
porcine skin
In vivo : skin application Wu ef al.-
TiO,10-60 nm during 60 days to hairless Distribution to liver ; spleen and lungs 2009 128
mices
Uncoated TiO;
30-50nm; Coated . L . . Sadrieh et
TiO, 20-30nm In vivo: Helliprﬁhicatlon on No s1gr;;t;1;:?:1; g:rrrllztlreeltlioéle gic;ugh the al. : 2010
wide 50-150nm Pg P 127
long
Uncoated TiO; In vitro: application on full .
35nm; Coated . . ) . . Senzui et
. thickness hair removed No penetration to dermis or viable
TiO2 35nm; micropig skin in diffusion epidermis observed al.; 2010
Coated TiO2 EaR P 134
10x50nm
In vivo: application on pig .
TiO; 10-50nm and pig overexposed to - . Monteiro-
. . Minimal transdermal absorption, deeper  Riviere et
from commerecial UVB light enetration in UVB damaged skin al. ;2011
sunscreen In vitro: intact and UVB p £ 55
damaged pig skin
TiO: (from Lack of transdermal diffusion through .
. o . . . " Miquel-
commercial In vitro : intact, damaged, the intact living skin. Minimal Jeanican ef
sunscreen) 20-30 irradiated, and penetration of TiO, NPs into epidermal al J 2012
nm long and 50—  damaged/irradiated pigskin living cellular elements occurs in the TY;
150 nm wide case of damaged skin
TiO; (from In vitro: excised intact and distribution into the groove and hair Kimura et
commercial several damaged rat skin, follicles but no migration to viable al. ;2012
sunscreen) porcin ear skin epidermis and dermis 137

Table 4: Studies that investigated in vitro or in vivo skin penetration of TiO2 NPs.
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Indeed, skin penetration depends on many external (dose, vehicle, protein reactivity ...) and
endogenous factors (age of the skin, disease or skin alteration, anatomical site of application
...). Before considering distribution to the blood or lymphatic system, NPs must pass through
the stratum corneum and the different layers of the epidermis to reach the dermis, the living
part of the skin. Despite its low thickness (of the order of a millimeter), the stratum corneum
provides resistance against skin penetration. Through this layer several pathways are possible:
between the cells (intercellular) through cells (transcellular) or through hair follicles //(Figure
15). Theoretically, only low molecular weight materials and in the appropriate formulation
(dependent on octanol/water partition coefficient) may penetrate an intact human skin.

Hair shaft

Intercellular penetration

Transcellular penetration

Epidermis

Follicle penetration

Figure 15: Penetration pathways of topically applied substances through the skin (Borm
et al.; 2006) 7.

3. In vivo fate

3.1. Biodistribution, accumulation and elimination

Exposure to TiO» NPs at relevant lower doses should be conducted in order to clearly
conclude on the NPs ability to cross a biological barrier. Therefore, results from existing
literature suggest that TiO> NPs can be absorbed through the lungs and gastro-intestinal tract.
After initial absorption through a biological barrier, the blood stream can distribute the TiO2
NPs to all organs and tissues in the body. In the blood, NPs may interact with plasma proteins
and blood cells which can play a critical role in their distribution in the body. The resultant
absorption, distribution, metabolism and elimination (ADME) process determines target tissue
burden and accumulation ability. This is critical for the systemic adverse health
effects evaluation.
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In a literature review, Oberdorster ef al. in 2005 summarized in vivo fate of NPs. Some of the
channels were confirmed by several in vivo studies primarily in rodents such as the passage of
the nasal mucosa to the CNS, other channels remain to be studied (Figure 16). In the case of
absorption in the blood or direct delivery to the systemic circulation (IV), biokinetics studies
showed that TiO2 NPs can be found in many organs including liver, spleen, kidneys, bone
marrow, brain .... The studies of IV injections in rodents have identified the target organs and
the fate of NPs in the body. The organs in which NPs are most often found are: liver, lungs and
kidneys.
As inorganic NPs, TiO> NPs can be cleared by two possible pathways: kidneys/urine or
bile/feces. These two separated pathways have been proposed : Xie et al. in 2011 followed Ti
burden in mice organs for 30 days after intravenous injection of 20 nm rutile-type TiO2 NPs
labeled with CF680 or 21 /3, They observed accumulation primarily in liver and spleen. The
excretion through urine and to a lesser extent through feces was observed suggesting that renal
excretion is the main excretion pathway for TiO> NPs. Another study by Geraets ef al. in 2014,
concluded, after single or repeated intravenous administration to rats, that elimination of total
Ti0; has a long half-life. In addition, titanium measured in feces and urine was not significantly
increased in the exposed group suggesting a long term biopersistence up to 90 days 2.
Elimination in sweat and breast milk has never been investigated for TiO2 NPs. It seems that
because of their small size NPs are less easily eliminated, are retained in the body longer and
that they would tend to lead to organ damage, particularly to the liver and kidneys after
continuous exposure ‘%. Organ accumulation needs to be considered in the context of
biomedical application to avoid potential toxicity. Contradictory results underscore the need of
further biokinetics studies to understand the distribution, long term persistence and elimination
process of TiO2 NPs.

Route of exposure, physico-chemical characteristics (e.i. size or coating) and doses can
affect distribution, metabolism and elimination profile of NPs /3914
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Figure 16: Biokinetics of nano-sized particles (from Oberdorster ef al.; 2005) 1%,

3.2. Systemic toxic effects
3.2.1. Hepatotoxicity

Effects of TiO2 NPs exposure on liver functions have been studied in vivo in rodents
following exposure protocol and doses. Whatever the administration route, phenomena such as
oxidative stress, modifications in enzymes activities (e.g.: transaminases), inflammation,
modulations of serum and urine biomarkers representative of hepatic dysfunction have been
observed. Histology examinations of liver tissue also reveal induced apoptosis or fibrosis and
impact on liver vascularization. Major outcomes of studies which have investigated the adverse

effects of TiO2 NPs on liver are summarized in Table 5. Liver is the key organ for metabolism
processes: energetic metabolism and as a detoxification functions. Indeed the liver is implicated
in fat, protein and carbohydrate metabolism but it is also in charge of elimination of endogenous
and exogenous toxic compounds. Thus, modifications of liver functions can have serious

systemic repercussion.
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References

Model

Administration

Dose and duration of

Outcome

Wang et al.;

mode

intragastric

treatment

2007 1% mice administration Sg/kg hydropic degeneration and necrosis
nggggei jj"; rat 1ri1rt1rsz;[1r& Ct}il:sl 0,5-50mg/kg oxidative stress
qu ooogt ;ﬁ'; mice mtr;?:iggﬁeal 200 or goé)zg,lsg/kg for modifications of biochemical liver parameters
Chen et al.; . intraperitoneal modification of biochemical liver parameters,
2009 45 fiee injection 324-2592mg/ke fibrosis, hydropic degeneration, necrosis, apoptosis
Ma et al.; . intra-abdominal 5-150mg/kg for 14 modifications of serum parameters, inflammation,
146 mice R . . . . . .
2009 injection consecutive days ischemia and vein congestion, apoptosis
. 0 1
Wu et Z{;’ mice cuta'neo'us 24mg of 5 A’ Ti0, oxidative stress
2009 application formulation
Wang et al.; intra-articular biochemical liver parameters modifications, fatty
2009 47 rat injection 0,2-20mgfkg 4 days degeneration, inflammatory cell infiltration
Wang et al.; intratracheal increased biochemical liver parameters,
2010 4 rat instillation 0,8-20mg/kg modifications of urine parameters
Duan et al. ; mice intragastric 62,5-250mg/kg for 30 blurred hepatocytes, congested vessels, increased
2010 ¥ administration consecutive days biochemical liver parameters
Cui et al.; mice intragastric 5-50mg/kg for 60 fatty degeneration, necrosis, apoptosis,
2010 0 administration consecutive days inflammation, increased transaminases
Bu et al.; intragastric 0,16-1g/kg once 4 day . . .
2010 157 rat administration for 14 consecutive modifications of serum and urine parameters
days
Tamgerals ol g on e eongesied Smusoide, modifeation
2011 2 instillation o ’ ’
serum parameters
Nemmar et rat intratracheal 1 5mo/k increased transaminases, inflammatory cell
al.; 2011 133 instillation ~MEKE infiltration
Cui et al.; . intragastric 5-50mg/kg for 60 hepgtocy.te apoptosts, oxyda.tlve'stress anq
2011 15 mice administration consecutive days modification of gene expression involved in
metabolism
. intravenous or i.v.: 56 or 560 mg/kg
[ljmlz)zilzt f; mice subcutaneous s.c.: 560 or macrophages infiltration
a5 injection 5600 mg/kg
Jeon et al.; . intraperitoneal 1.5mg/kg daily for 7 enhanceti‘i aCtl.V ities ;)fllfver danllage-related
2013 156 mice injection days enzymes, alterations of defense related enzymes,
and histopathological changes
Onl  iomatadaiyior el ndos I detiion
2014 22 administration 6 months ’

apoptosis or necrosis

Table S: In vivo studies that investigated the adverse effects of TiO2 NPs exposure on

liver.
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3.2.2. Cardiovascular toxicity

In recent years, toxicological as well as epidemiological studies have reported an
association between airborne ultra-fine particles pollution and adverse cardiovascular effects
137158 ‘These observations raise concerns about impact of engineered NPs on the cardiovascular
system. In vivo studies that investigated adverse effects of TiO> NPs on the cardiovascular
system reported modification of cardiovascular parameter (such as heart rate and systolic blood
pressure) and biochemical parameters relevant for heart function evaluation (Table 6).
Interestingly, the cardiovascular system and the brain share common triggers and biochemical
characteristics, including inflammation, oxidative stress, and hypoxia, an oxygen deficit caused
by impaired blood flow. Adverse effect on the cardiovascular system can therefore be an early
indication of potential impact on the brain.
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A : Dose and
References Model Administration duration of
mode
treatment
W;gg;fo‘;l". mice a&igi?;i;lizn S5g/kg increased cardiac injury biomarkers
Cl;%‘:,;’,f,’!' d mice mn;iﬁ.’:;gggeal 324-2592mg/kg pulmonary thrombosis
Liu et al. ; . intra-abdominal 3-150mg/kg .for . L .
2009 159 mice injection 14 consecutive increased cardiac injury biomarkers
days
Bu et al.; 2010 intragastric 0,16-1g/kg once a . S .
P rat administration day for 14 increased cardiac injury biomarkers
consecutive days
Nurkiewicz et . 1,5-20mg/m? for impaired spinotrapezious arteriolar
al. ;200870 ™ Inhalation 120-720min endothelium
Nurkiewicz et rat Inhalation 1,5-16mg/m? for impaired spinotrapezious arteriolar
al.; 2009 ¢! 240-720min endothelium
decreased dilatory responsiveness of
. 3
Lelezgg fﬁtZaL ’ rat Inhalation 6?%%5“ microvessels in the shoulder muscle and the
heart
LeBlanc et al. ; rat Inhalation 6mg/m? for impaired coronary arteriolar endothelium
2010 163 240min dilatation, oxidative stress
Nemmar et rat intratracheal 1 5me/k increased heart rate and systolic blood
al ;. 2011 1%3 instillation ~IERE pressure
Sha et al ;. intraperitoneal decreased heart rate, pathologlc.al c.hz.lnges in
2013 164 rat injection 0,5mg/kg heart tissues, increased cardiac injury
biomarkers
W;g% 33 tlgl' ’ rat a dmil?irsa;lration 10- 200 mg/kg increased cardiac injury biomarkers
Savi et al. ; - Intratracheal rme/k Increased cardiac conduction velocity and
2014 166 administration gke tissues excitability
Kan ef 151617 K rat Inhalation 6mg/m? for 4h Increased heart rate and diastolic blood
2014 pressure
Chen ef oral 2-50 mg/kg for 1nc'rez;]sed cardiac ln_]lill‘y biomarkers ; chgnges
al. ; 2015 168 rat administration 30 or 90 days in heart rate and blood pressure, cardiac

impairment and inflammatory response

Table 6: In vivo studies that investigated the adverse effect of TiO2 NPs on the

cardiovascular system.
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3.2.3. Spleen toxicity and immune toxicity

Few in vivo studies reported adverse effects of TiO2 NPs exposure on immune system.
Evidence of systemic inflammation initiation after exposure was provided after intratracheal or
intragastric administration >/ 733 /%% The spleen is a peripheral lymphoid organs and a key
organ of the immune response. Thus, accumulation of TiO2 NPs, histopathological damage,
morphological changes and alterations in immune cell number in spleen observed after
exposure can lead to immunological toxicity (Table 7). Altogether, data from the literature
suggest that TiO» NPs exercise either pro-inflammatory (inappropriate inflammatory response)
or immunosuppressive effects (congestion and tissue damage in peripheral lymphoid organs;
damage of immune cells activity). Data from in vivo and in vitro studies underline the ability
of TiO, NPs to modulate immune system response 7.
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q.q ] Dose and
References Model Administration duration of
mode
treatment
Nemmar et intratracheal .
al ;. 2008 1% rat instillation 1,5mg/kg modulation of blood parameters
Chen et al ;. mice intraperitoneal 324-2592mg/k spleen lesions and neutrophil infiltration
2009 45 injection gxe P p
Lietal ;2010 . intra-abdominal  5-150mg/kg for 14 splee.n: increased oxidative stress,
171 mice L . congestion, lymph nodule proliferation,
njection consecutive days .
apoptosis
Liang et al.; intratracheal Sy
2009 143 rat instillation 0,5-50mg/kg oxidative stress
Duan et al. ; . intragastric 62,5—250mg/kg for modulation of blood parameters, decreased
149 mice LS . 30 consecutive . .
2010 administration days immunological cells
Bu et al. ; 2010 intragastric 0,16-1g/kg once a .
151 rat LS . day for 14 modulation of blood parameters
administration .
consecutive days
Rossi ef al. * 10mg/m? 2hr/day
0;:)11; g 7’ mice Inhalation 3day/week for 4 inflammatory action in spleen
weeks
Nemmar et al.; intratracheal .
2011 153 rat instillation 1,5mg/kg modulation of blood parameters
Moon et al. ; mice intraperitoneal once a day for 7 impact on spleen cells including immune
2011 772 injection days cells
Wang et al.; mice intragastric 5-150mg/kg for30 spleen congestion and lymph nodule
2011 17 administration ~ consecutives days proliferation, oxidative stress
increases of spleen indices, immune
dysfunction, macrophage infiltration,
apoptosis, alterations in the expressions
Sang et al. ; mice intragastric 2,5-10 mg/kg for genes involved in immune/inflammatory
2012 7 administration ; 90 days responses, apoptosis, oxidative stress
metabolic processes, ion transport, signal
transduction, cell proliferation/division,
cytoskeleton
Sangeral; o mngsc 25sand10 G o ed
201317 administration ~ mg/kg for 90 days p plzl lpp
. 0.5, 4, anq 32 congestion in spleen ; increase lymphocyte
fuetal ;2014 intratracheal mg/kg twice a . . .
176 rat S proliferation and enhanced natural killer
instillation week, for four ..
. cell activity
consecutive weeks
Sheng et al . ; mice intragastric 2,5-10 mg/kg for ~ Alterations of gene expressions biomarkers
2014 177 administration ; 90 days of spleen toxicity

Table 7: In vivo studies: Adverse effects of TiO2 NPs on the immune system and the

spleen.
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Part III: TiOz NPs in the central nervous system

The central nervous system (CNS) is certainly the most sensitive system and performs
the most critical function in the organism. The brain only represents 2% of body weight but
consumes 20% of the oxygen of the organism * 7% 7 Indeed the brain operates in a pure
aerobic manner, so it needs constant and considerable inputs of oxygen and glucose. Moreover,
the neurons need a constant extra cellular environment. The blood brain barrier (BBB) is a
functional barrier that isolates the brain parenchyma from the bloodstream and regulates brain
homeostasis. Considering the sensibility and the key functions of BBB, it appears essential to
evaluate the potential effects of environmental exposure such as NPs.

1. The blood brain barrier (BBB)

The first experimental evidence for the BBB existence dates back to 1885, when Paul
Ehrlich observed that the IV injection of an aqueous dye (Evans blue) stained all organs except
the brain and spinal cord. The theory of the existence of such a barrier was subsequently
confirmed by Edwin Goldmann who in 1913 observed that the brain and spinal cord were
stained in the case of a direct injection into the cerebrospinal fluid but remained intact upon IV
injection. The BBB is described throughout the brain with the exception of cerebral-ventricular
organs where the capillaries are fenestrated to allow the release and transport of hormones
synthesized by the neurohypophysis. Thus highlighted, the BBB is a considerable exchange
surface between blood and brain tissue.

1.1.Physiology of the cerebral vascularization

An arterial and venous system drains about 750 ml of blood per minute to ensure brain
supplies. The Circle of Willis is located at the base of the brain (Figure 17). These cerebral
arteries drain blood at the brain surface before entering the cortex in the Virchow-Robin space
(Figure 18). They then branch out to form intracerebral arterioles and capillaries and define
parenchymal brain microvaculature /5.
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Figure 17: Brain vascularization (available at : http://www.joeniekrofoundation.com/wp-
content/uploads/2014/08/NEU_supplying brain_blood_stroke.gif)
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Figure 18: Schematic representation of the cerebral microvasculature at the Virchow-
Robin space (from ladecola et al. 2007) /4.
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1.2.The neurovascular unit: structure and functions

The structure of the cerebral microvasculature is unique compared to other endothelia.
Brain endothelial cells (BECs) and pericytes described further are based on a tick basal lamina
which contains the extracellular matrix proteins (collagen IV, heparin sulfate proteoglycans,
laminin, fibronectin) /*>/3/. The basal lamina of brain endothelium is covered on the other side
by astrocytic end feet. Astrocytes are then in intimate contact with microglia and neurons. This
polarized structure forms the neurovascular unit (Figure 19). This system associating multiple
cells from endothelial to neuronal cells enables proper brain homeostasis and function. The
BBB is an essential part of the system providing both physical and functional protections in
order to allow proper neurons activity.

The BBB is the cellular structure that separates the brain parenchyma from the
bloodstream. Only less than 1% of brain areas is devoid of this structure /%°. This membrane is
about 18 m? wide in the adult and has several functions /%%: 1) it constantly regulates the
extracellular environment. Indeed, it is through it that flows of fluids and ions are regulated. 2)
It insures the essential nutrients needs from the blood and allows the elimination of metabolic
waste. Thus the BBB protects the brain from any fluctuation composition of the extracellular
medium, which is essential to the smooth running of synaptic transmission between neurons.
3) This barrier also prevents the crossing of some toxic chemical or biological (bacteria and
viruses) into the CNS.

Neuron

Astrocyte \
~

Endothelial

Tight cell

Microglial cell

; e Microvessel
Pericyte
s lumen

Figure 19: Schematic representation of the BBB and it different component cells
(from Bushnell et al. 2006) /%’
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1.2.1. A cooperation of multiple cell types

The BBB is composed of several cell types: brain endothelial cells (BECs), astrocytes,
pericytes and microglial cells (Figure 19). Interactions between all constituents of the BBB are
essential for barrier functions.

1.2.1.1.Astrocytes

Astrocytes are the most represented cell class in the BBB. They cover the BECs and
pericytes with their extensions named astrocytic end feet. They cover approximately 98% of
the cerebral vascular surface. On their other extremity, they are in close contact with neurons.
Their particular shape allows them to create an interface between BECs and neurons. Thus they
are involved in nutritive function for the neurons or the regulation function of the endothelium
permeability. Indeed functions of astrocytes are multiple:

¢ Communication between neurons and endothelial cells;

e Metabolic support for neurons: a source of energy as glycogen and lactate export /%5
« Regulation of the neurons activities and uptake of neurotransmitter /%’

e Production of trophic factors;

e Regulation of ionic homeostasis;

o Brain tissue healing and regeneration;

« Regulation of the immune response in the CNS 7%’;

« Regulation the diameter of the cerebral microvasculature */;

« Induction of characteristics of the BBB and protection of this barrier /8% 156 192

1.2.1.2.Pericytes

Pericytes are located, evenly spaced, along the wall of the capillaries and share a
common basal lamina with BECs. Thanks to their contracting ability, pericytes also named
vascular smooth muscle cells or myofibroblasts, are involved in local blood flow regulation /%>
94 These cells play a role in endothelial proliferation and angiogenesis by synthesizing growth
factor and basal lamina components >, Moreover, they play a crucial role in inflammatory
processes /% 190, Pericytes are also involved in cellular communication between all cell types
constituting the BBB. Indeed, there are, for example junctions between pericytes and BECs
allowing the direct exchange of ions and small molecules.

Generally speaking, pericytes allow the maintenance of the BBB structure /*? and have

a critical role in the development, maturation and remodeling of blood vessels /?7 %,
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1.2.1.3. Microvascular endothelial cells

BECs are the key cell type of the BBB. Unlike classic endothelial cells of peripheral
vessels, they have a large cytosolic mitochondrial content, low pinocytosis activity and lack of
fenestrations. On the contrary, the presence of protein junctions between neighboring cells form
a physical barrier between the blood stream and the brain parenchyma. The monolayer of BECs
is based on a thick basal lamina of 20 to 200 nanometers /. The basal lamina is composed of
extracellular matrix proteins such as collagen IV, heparan sulphate proteoglycans, laminin,
fibronectin or elastin /%, The role of the basal lamina is to insure an anchorage for surrounding
cells including endothelial cells.

The BECs are the first cells in contact with the molecules from the bloodstream. The
penetration into the brain tissue of these molecules can then be done by transcellular or
paracellular pathways.

1.3. A functional barrier
1.3.1. Physical barrier

The physical barrier is due to a very limited paracellular passage (between cells). This
limitation is explained by the presence of tight junctions between neighboring BECs (Figure
21). Indeed, the protein junctions are in connection with actin cytoskeletal proteins to form a
continuous membrane with very high electrical resistance (1500 to 2000 ©Q / c¢cm ). These
junctions are of three types: tight junctions, adherens junctions and gap junctions.

The attachment between cells and the extracellular matrix is provided by the adherens
junctions. These junctions are mediated by homophilic interactions between membrane
proteins: cadherins. Cadherins, which are expressed on the surface of the adjacent cells, have
extracellular domains which interact together to form a homodimer. On the cytosolic side,
cadherins are linked to the actin cytoskeleton via intermediate proteins: catenins and form the
primary seal of junctions °”’. Adherens junctions form a continuous belt around the cells thereby
maintaining the contiguous cells and strengthening the tight junctions /.

Tight junctions form a complex protein network at luminal BECs side. The latter are formed of
three major proteins: claudins, occludins and molecules of adherens junctions which interact
with accessory proteins (including zona occludens or ZO and cingulins). The accessory proteins
too are themselves in association with the actin cytoskeleton. These tight junctions make
countering the paracellular passage of molecules possible.

Finally, gap junctions mediate the passage of chemical or electrical signals between cells’
partners.

This organization of junctions maintains cell polarity by stopping the spread of membrane
molecules and limits the penetration of xenobiotic to the brain parenchyma. Indeed, most of the
molecular traffic is forced to take a transcellular route.
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Figure 20: Tight junctions and associated proteins between the BBB endothelial cells
(From Huber et al. 2001) 2%,

These junctions are made permeable, for example in an inflammatory environment to
allow the immune cells to enter °>. Indeed, The BBB integrity is affected by pro-inflammatory
mediators (cytokines and chemokines). These mediators can’t initiate changes in permeability
and adhesions properties of BECs that allow immune cells to infiltrate the CNS. The BEC and
the close microglials cells also modulate the immune response in the brain by releasing pro-
inflammatory mediators. Inflammation within the CNS and BBB permeability alterations has
been associated with chronic neurodegenerative disease including Alzheimer's diseases,
multiple sclerosis and Parkinson's disease “’*??’. Many of these changes have been linked to
alterations in BBB tight junctions.

The BBB plays a crucial role in maintaining homeostasis by regulating the ion balance
of the brain. In fact, brain edema formation after stroke has been linked to the inability of the
BBB to maintain necessary ion gradient. Furthermore, alterations in BBB ion homeostasis have
been linked with epilepsy 274 205 210,
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1.3.2. Transport and detoxification functions

The different transport mechanisms to cross the BBB are summarized in figure 21:
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Figure 21: Schematic representation of the different transport at the BBB (From Abbott
et al., 2006) 2.

Compounds can cross through the cells by several mechanisms:

- passive diffusion for small lipophilic compounds (e.g.: oxygen, ethanol, CO; ...)

- passage via specific transporters (e.g.: Glut 1 for glucose)

- trancytose mechanisms by adsorption or via receptors (eg: several hormones, such
as insulin and leptin, use receptor-mediated endocytosis).

In the case of passive diffusion for small lipophilic compounds (e.g.: ethanol or drugs

such as barbiturates) and small gaseous molecules (O2 and CO,), the transition is made in
accordance with the concentration gradient.

At the abluminal and luminal membranes, various transport systems regulate the
transcellular traffic. All those polarized transports provide a selective 'transport barrier' in order
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to meet the high nutrient and energy demand of the brain and exclude potentially harmful
compounds. Indeed, there are several types of transporters through the BBB:

1) Carriers of essential molecules (nutrients, amino acids ...) allowing optimal brain
function,

2) Carriers which limit the entry of xenobiotics in the brain. Among them, ABC
transporters (Adenosine triphosphate Binding Cassette) play a critical role in preventing
neurotoxic molecules from entering the brain. The Solute Carrier family (SLC) is the other
important carrier group controlling uptakes and effluxes of nutrients, metabolites and toxins.
Altogether, carriers and transporters of the BBB are responsible for the multidrug resistance
(MDR) phenomenon. Indeed among xenobiotics whose brain access is limited by ABC and
SLC efflux transporters activity, are a large number of CNS drugs therapy.

During various disease states, alterations in the levels or distribution of transporters can
be seen. For example, obesity has been linked to an impaired transport of leptin across the BBB
21T or neurodegeneration progression with altered ABC transporters function 2% 213,

1.3.2.1. ABC transporters

ABC transporters are localized at luminal and abluminal membranes of the BECs. They
prevent entry of toxic and therapeutic substances in the CNS by active transport process. They
bind and hydrolyze ATP to translocate lipid-soluble molecules across brain endothelial cells
plasma membrane. There are 48 known ABC transporters present in humans, which are
classified into seven families. At the BBB level two efflux transporters have a great
significance: The P-glycoprotein (P-gp or ABCBI1) and the Breast Cancer Resistance Protein
(BCRP or ABCG2). Dauchy et al. found that the P-gp and the BCRP were the two main ABC
transporters expressed in BECs based on mRNA expressions and protein levels ?#. Among C
subfamily of ABC proteins are Multi-drug Resistance related Proteins (MRPs). Some of these
efflux pumps have also been shown to contribute to resistance to many CNS drugs.

The P-gp is probably the most studied transporter in the CNS, it is also called ABCB1
or MRP1. P-gp is a functional monomer with two transmembrane domains and two nucleotide-
binding domains. It is expressed in multiple cell types in the CNS: predominantly in BECs but
also in astrocytes and neurons. The P-gp is localized at the luminal side of BECs and has an
extremely wide range of substrates. Among P-gp substrates, there are many therapeutics agents
(opioids, antibiotics, immunosuppressant...). P-gp also mediates efflux of endogen compound
such as aggregated protein involved in neurodegenerative disorders ?/3 .

The BCREP is also localized at the luminal membrane of the BECs. Like P-gp, many
therapeutic agents are among BCRP substrates (antihistamines and anticancer drugs...).

ABC transporters expressions or activities are regulated in several conditions: oxidative
and inflammatory stress environment, pharmacotherapy or toxicant exposure, disease 272"’

Compromised BBB transport functions is a common feature observed in many CNS diseases.
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Several evidences associate this alteration with ABC transporters functions 2%, Changes in
ABC transporters observed in CNS diseases context are summarized in Table 8.

Disease P-gp BCRP MRP1 MRP2
Alzheimer's disease ! - | ?
Amyotrophic lateral sclerosis 1 1 “ “
Brain tumors ! ? T “
Creutzfeldt-Jakob disease l ? ? ?
Depression ! ? ? ?
Epilepsy t 1 1 1
HIV-encephalitis - 1 1 ?
Multiple sclerosis ! - - -
Parkinson's disease ! ? ? ?
Schizophrenia ! ? ? ?
1 ?

Stroke and ischemic brain injuries

Table 8: Summary of changes in ABC efflux transporters activity in neurological
disorders (from Qosa et al.; 2015) **%,

Regulation of the expression and activity of ABC efflux transporters is complex and
involves pre- and/or post-transcriptional modifications. Most of these signaling pathways in
brain endothelial cells are activated by surface or nuclear receptors. Examples of signaling
pathway involved in inflammatory stress environment are represented in Figure 22. As ABC
transporters play a critical role in BBB detoxification function, changes in transporters
expression or activity could elicit alteration of the brain protection mechanisms against
neurotoxic compounds.

66



Background
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Figure 22: Regulation of ABC efflux transporters activity and expression at the
BBB level in inflammatory environment. The P-gp activity is rapidly deregulated after activation of
PKCB1 and Src kinase by ET-1 and VEGEF. In prolonged inflammatory context, P-gp is regulated by PKCp2
and NF-kB pathway. In both pathways, TNF-a or LPS could stimulate ET-1 release. BCRP and MRP1 activity
and expression did not change upon short-term exposure to inflammatory stress, only BCRP expression
decreased after long-term exposure (from Qosa et al.; 2015) %15,
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1.3.2.2. SLC transporters

SLC transporters are among a large superfamily including about 300 members
organized in 52 families that transport a wide variety of substrates and nutrients into and out of
the brain parenchyma. Among this family, facilitative transporters can be found, as well as
secondary active transporters, ion channels, primary active transporters and efflux transporters.
They are located at both luminal and/or abluminal membranes of BECs. They can be functional
as either monomers, homo- or hetero-oligomers.

Some of them, such as Glutl encoded by SLC2A1 gene, play a critical role in brain
supplies. Glutl is responsible for glucose transport across the BBB, and its deficiency causes
low level of glucose in cerebrospinal fluid which may manifest itself in convulsions. Glucose
transport operated by Glutl does not require energy and therefore occurs according to the
concentration gradient. Glutl also impacts the BBB physiology directly. Indeed, Slc2al+/-
mice have been found to have decreased brain glucose uptake but also increased BBB
permeability due to lower TJ protein levels 2/?. It has been shown that Glut1 and Glut3 are also
implicated in neurodegenerative disorders . Reduced glucose transporters in patients with AD
leads to impairment of energy metabolism and correlate with neurodegeneration in these
patients 2?2 For example, altered glucose transport leading to glucose hypo-metabolism is
associated with tau hyper-phosphorylation and/or neurofibrillary degeneration.

2. Entry pathway to the CNS

In case of inhaled NPs, two separated entry pathway have been hypothesized.

2.1.Translocation along the olfactory nerve

The first pathway concerned only inhaled NPs which at the epithelium of the upper
airway level can be translocated by sensitive nerve endings to reach the brain. The human nasal
cavity represents an absorptive surface of 160 cm? ?? but its primary role is filtering,
humidifying and warming inhaled air. First NPs need to cross nasal epithelial barriers. Like the
BBB, the nasal epithelium is maintained by tight junctions between adjacent cells but the
tightness of this barrier is much lower. Indeed, the nasal barrier which has relatively permeable
properties is supposed to be close to the intestinal epithelium. In the case of TiO2 NPs, several
in vitro and in vivo studies have proved their ability to cross a barrier such as the intestinal
barrier (see chapter I part 2).

After nasal administration, the mechanism of translocation from the nasal mucosa to the brain
is not fully understood. Two main routes of entry into the brain have been highlighted: 1) the
olfactory pathway: the transport occurs along olfactory nerve to the olfactory bulb or 2) the
trigeminal pathway: the transport occurs along the trigeminal nerve to the brainstem. These
paths connect the nasal mucosa to two entry points from where delivered NPs can disperse to
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other CNS areas (Figure 23). The transport along olfactory or trigeminal nerve may occur via
intracellular or extracellular pathways. Moreover particles may cross the olfactory epithelial
barrier by paracellular or transcellular transport to reach the lamina propria. This region is rich
in blood and lymphatic vessels. Thus NPs may enter the general blood circulation or reach the
cervical lymph nodes of the neck.
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Figure 23: Trigeminal innervation and vasculature of the nasal respiratory region (from
Lochhead et al.; 2012) ?%

Wang et al. have reported translocation of Ti in the olfactory bulb, hippocampus, cerebral
cortex, and the cerebellum after nasal instillation in a mouse model (500 pg/mouse; TiO2 80
nm rutile; daily for 30 days) ?°. The same research group have reported similar findings in a
second study (intranasal instillation; 500 pg/mouse; TiO> 80 nm rutile; daily for 30 days) %°.
Ze et al. have also observed translocated Ti in the olfactory bulb of mice after nasal exposure
to TiO2 NPs from 2.5 to 10 mg/kg dose for 90 consecutive days ??”. All these studies suggest a
translocation of TiO, NPs from nasal mucosa to brain via nerve transport. These studies used
the intranasal exposure route with high dose rate delivery, which may increase NP translocation
via the olfactory nerve pathway. The translocation of NPs after inhalation, a more representative
mode of exposure has been shown by Oberddrster et al. They demonstrated that 6h all-body
exposure to ultra-fine '*C NPs can lead to accumulation in the olfactory bulb in rats 2%,
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Translocation of gold NPs were also observed in rodents *’ and 15-20 nm iridium NPs could be
detected in the brain up to 6 months after inhalation exposure %% %%,

Using this pathway, the NPs bypass the BBB barrier but impact on its physiology can
still occur. The NPs are directly distributed to the brain and can interact with glial cells which
are involved in structuring and maintaining the barrier properties.

2.2. Translocation across the BBB

The second entry pathway concerns all administration routes that lead to a distribution
of NPs through blood circulation. In the case of blood distribution, NPs need to cross the BBB
to gain access to the brain parenchyma. This pathway has also been a source of attention in the
medical field for new approaches for drug delivery to the CNS. It has been demonstrated that
with changes in particular surfaces of NPs, transport across the BBB is facilitated. These NPs
can serve as vectors through this barrier for the delivery of therapeutic molecules. However,
data concerning the interactions of inorganic NPs at the BBB are scarce.

2.2.1. Invitro data

In a previous study, Brun et al. determined by TEM (transmission electron microscopy)
imaging the localization of TiO» NPs in the in vitro BBB model after exposure /. After 4 hr of
exposure mimicking a blood distribution of nanomaterials, a proportion of TiO2 NPs was
observed in large clusters. After a chronic exposure (5 consecutive days), the TiO> NPs were
packed in cytoplasmic vacuoles. In all three exposure conditions tested, NPs were detected in
a far lower proportion in glial cells suggesting that NPs had the ability to cross the physical
barrier of endothelial cells.

In a study on human cerebral endothelial cells (HUVEC), internalization of Aeroxide®
P25 TiO2 NPs was observed in small or large endosomes in the cytoplasm or in lysosomes ¥
These observations confirm the uptake of TiO2 NPs by BECs but are insufficient to conclude
about translocation across the barrier.

2.2.2. Invivo data

The passage across the BBB from multiple exposure pathways has been demonstrated
in vivo (Table 9). However translocation of TiO> NPs to the brain remains contradictory. Indeed
several in vivo studies failed to detect titanium in the brain: two studies after [V administration
to mice did not detect titanium in the brain /" %2, After repeated oral administration of TiO>
NPs for 13 weeks, Gereats ef al. also demonstrated insignificant Ti brain content '*/. However
in this study, they detected titanium in the brain of exposed animal by IV injection. It is not
possible to draw clear conclusions about TiO> NPs CNS distribution from those observations.
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Undoubtedly, the translocation to the CNS is influenced by several parameters including

administration route, size, dosage...

nanoparticles
TiO; 25 and 80 nm
rutile
TiO; 155 nm anatase

models
Single gavage to mice.
Sg/kg
Dosage after 2 weeks

Outcomes references

Increased concentrations of Tiin  Wang et al.;
the brain 2007 1%

TiO; 80 nm rutile

30 days nasal instillation to
female mice, 50mg/kg

TiO» in the olfactory bulb, )
. Wang et al.;
hippocampus, cerebral cortex and 533
2008
the cerebellum

TiO; 5 nm anatase

14 days intra peritoneal
injections ; 5; 10; 50 ; 100
and 150mg/kg

Increased concentrations of TiO,  Liu et al.;

TiO; 25-70 nm
anatase

subcutaneous injection in
pregnant mice ; 0.1g/animal

proportional to the doses 2009 ¥
o ., . Takeda et
TiO; in offspring’s brain al.: 2009°

TiO; 5 nm anatase

14 days intra-abdominal
injection to mice; 5 ; 10 ; 50 ;
100 and 150mg/kg

Increased concentrations of TiO,  Ma et al.;
proportional to the doses 2009 ¥

TiO; anatase 4 and
10 nm ; rutile 25, 60
and 90 nm, and
Degussa P25 21 nm,
anatase/rutile

60 days dermal exposure in
hairless mice ; 24g of 5% TiO,
formulation

Increased concentrations of TiO, ~ Wu et al.;
Degussa P25 in the brain 2009 /%

TiO; 5nm anatase

60 days intragastric
administration to mice; 5; 10;
50mg/kg/day

Increased concentrations of TiO» Hu et al.;
proportional to the doses 20107

nm, anatase/rutile

TiO; Degussa P25 21

Intraperitoneal injection to pre
exposed to LPS male mice;

Promotion an exaggeration
neuroinflammatory responses by  Shin et al.;
enhancing microglial activationin 2010 *%

crystal form

administrations of 2.3 mg/rat

40mg/kg the pre-inflamed brain
3 types of Nano TiO; . 30days TiO; in cercbral cortex, Zhang et al.;
. nasal instillation to female hyppocampus, cerebellum and 226
rutile . . ; 2011
mice, 500 g/ animal striatum
. . .90 days 1ntragsa1 Increased concentrations of TiO> Zeetal;
TiO,5 nm anatase administration to mice; 2,5; 5 . 537
proportional to the doses 2013
and 10 mg/kg
. Oral administration, 13 weeks; S Cho et al ;
TiO; 21 nm 260.4 to 1041.5me/ke/day Increase Ti brain content 2013 12
Ti0 10 ; 20 and 200 inhalation Increase Ti brain content Liueral;
nm 2013
Tle with different Intrayepous injection or oral Detection of small amount in Gereats et
size-range and administration, single or 5 brain al-2014 2!

Table 9: Distribution of TiO2 NPs to the central nervous system.

Overall, much of the available data are inconsistent and sometimes contradictory, since the
mechanisms of cell penetration and translocation are still poorly understood. In this respect, it
is acknowledged depending on a large number of physical and chemical characteristics of a
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given NP (chemical composition, size, surface area...), results may significantly differ and that
in most studies, a full characterization is not available. Moreover, there are controversial data
on NPs translocation to the brain via olfactory nerves.

3. Impact on BBB physiology

In vitro study using HUVEC by Kenzaoui et al. has highlighted significant cytotoxicity,
reactive oxygen species production, DNA damage and autophagy induction **’. Several other
studies are available concerning other inorganic NPs. For example, in vitro BBB model with
exposition to silver NPs showed the passage of these NPs by transcytosis across the endothelial
cells monolayer and accumulation within cells ?**. Induction of inflammation in brain
microcapillaries were also observed after exposure to BECs to gold, silver and copper NPs 23*-
24 On the other hand, Chen et al. reported a decrease viability of endothelial cells, alteration
of mitochondrial function, oxidative stress and impaired proteins junction after exposure to
aluminum oxide NPs %,

Moreover, previous in vitro laboratory results suggest that TiO> NPs could be responsible for a
dysfunction of the BBB /. Thus, in vitro observations underscore the importance for evaluation
of the impact of TiO2 NPs exposure on BBB functions.

Nowadays, despite evidence of TiO2 NPs ability to cross the BBB, studies on the in vivo impact
of NPs on the BBB physiology are scarce.

3.1. Integrity and transport functions

In the BBB model, the permeability for sucrose, a radiolabeled marker was dramatically
increased after 4 h of exposure in the apical pole to 100 pg/ml of TiO, NPs. The increase of
sucrose permeability suggested BBB disruption. 24 h or 5 consecutive days exposure also led
to the disruption in the BBB integrity. The decrease in expression of structural components such
as occludins, claudin 5 or zonula occludens 1 (ZO1) underscored this alteration of BBB
permeability.

Among the altered transport activities, the decrease of P-gp activity of BECs, an efflux pump
involved in the detoxification function of the barrier was noticed. These changes were also
observed upon exposure of glial cells (in the exposure compartment mimics cerebral
paremchyma), whereas BECs were not contacted with the NPs. This suggests a close
communication between the two cell types that can influence the functionality of the barrier. At
mRNA level, expression of BCRP and other multi-drug resistant proteins (MRP) also decrease
revealing an alteration of detoxification function of the BBB. Down regulation in mRNA
expressions of other carriers among SLC family were also noticed. Indeed SLC2A1 coding for
Glutl the glucose transporter was dowregulated suggesting altered glucose metabolism. As
glucose hypo-metabolism being associated with tau hyper-phosphorylation and/or
neurofibrillary degeneration in AD patients, it may promote neurodegeneration in the brain.
These permeability changes suggest a decreased detoxification capacity of the barrier followed
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by a loss of its integrity. These two phenomena can lead to an accumulation of neurotoxic
compounds in the brain and promote neurotoxicity. However, the in vivo relevance of these
facts remains to be established.

3.2. Neuro-vascular inflammation.

In Brun et al. study, the inflammatory profile was also determined. Up-regulations of
various cytokines, chemokines and adhesion molecules in the in vitro BBB model suggested a
severe inflammatory burst at the endothelial and glial cells levels. This in vitro observation is
in accordance with in vivo experiments when animals were exposed intranasaly or by
intraperitoneal injection (Table 11).

Induction of neurovascular inflammation has been linked to changes in the permeability
of the BBB 2#?** and carrier’s activity >/* %, Thus, neuro-vascular inflammation may be a
critical phenomenon associated with BBB dysregulation. Furthermore, BBB integrity
disruption and neurovascular inflammation are common characteristics of CNS diseases
including neurodegenerative diseases “*/. Concerns about potential implication in neuro
degeneration process, particularly in elderly vulnerable population, can be raised.

4. Neuro-toxicity liability after TiO2 NPs exposure

4.1. In vitro data

In vitro studies about toxicity of TiO2 NPs on neuronal or glial cells are summarized in
Table 10: Cytotoxicity, morphological changes, induction of inflammation and / or oxidative
stress are common outcomes that have been highlighted in different in vifro models.

4.2. In vivo data

Several in vivo studies highlighted CNS dysfunctions after exposure to TiO2 NPs.
Outcomes of in vivo studies focusing on brain consequences of TiO» NPs exposure are
summarize in Table 11. A clear evaluation of TiO, NPs exposure impact on the CNS is not yet
draw because of differences in physiochemical properties of particles, dose, route of
administration, animal models or duration of exposure. Despite these discrepancies, it seems
clear that TiO, NPs can induce neurotoxic effect in the brain. In accordance with in vitro data,
oxidative stress and inflammatory factors appear to be key response mediators.
Histopathological changes such as alteration in neuronal structure, necrosis or inflammatory
infiltration have been observed. In term of biological parameters, studies highlighted
disturbance of neurotransmitters levels, enzymes activities or trace metal elements in the brain.
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Impaired neurobehavioral performance and spatial recognition memory appear as consequences
of these cerebral functions modulations.

Several studies have demonstrated the ability of TiO2 NPs to cross the placenta barrier.
The vulnerable fetal brain appears as a target for TiO> NPs toxicity. Indeed, alteration of fetus
brain development, level of neuro-transmitters as well as oxidative stress have been noted.
Postnatal behavioral test also suggest impairments in the brain of offspring when mothers were
exposed during pregnancy 2% 2#6-250,

Based on available literature, there is sufficient evidence underlying potential TiO2 NPs
neurotoxicity. However, before drawing firm conclusions on the TiO> NPs neuro-toxicity,
distribution to the CNS must be documented. It will be necessary to consider dose parameters,
dispersion, route of administration and interaction with other physiological barriers. More
generally, data under more realistic exposure condition are needed for risk assessment.
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References Type of NPs

Long et al.; 20062 TiO, aeroxide P25

In vitro model

murine BV2 microglia

Concentration/
dose

2,5-120 ppm

Duration of
treatment

1-6and 18 h

Outcomes

- ROS release
- internalization of small clusters
- disrupted and swollen mitochondrial lying

Long et al.; 2007 %52 TiO; aeroxide P25

murine BV2 microglia Rat;

N27 mesencephalic nerons;
primary cultures of
embryonic striatum

2,5-120 mg/kg

6,24,480r72h

- ROS release
- apoptosis induction in embryonic stiatum cells
- increase ATP in N27

- up regulation of genes involved in apoptosis, death receptor families, calcium signaling, inflammation, cell

cycling and oxidative stress
- internalization in BV2 and N27 cells

- reduction of cell viability

Lai et al.; 2008 253 anatase <25nm U87 astrocytoma 0,1-100 pg/ml upto72h - increase apoptotic cells
- cellular morphology changes
- reduction of cell viability
Li et al.; 2009 254 commercial TiO2 NPs murine microglia N9 cells 4-125 pg/ml 24 h - increase apoptotic cells
- cellular morphology changes
- - internalization in cytoplasm
. . 255 rutile TiO2 coated by Mouse neural stem cells . 12, 24, 36, 48, 60, T K R
Liu et al.; 2010 $i03: 80-100 nm line C17.2 50-250 pg/ml 72hor 7 days |nh|b|.t|on of Fel.l prohferat.lon
- cell differentiation alteration
- reduction of cell viability
Liu et al.; 2010 #¢ TiO, aeroxide P25 Rat PC12 cells 1-100 pg/ml 6,12,24and 72 h - increase apoptotic cells
- ROS release
- cytotoxicity
Wu et al.; 2010 %7 anatase and rutile; 20 Rat PC12 cells 25-200 pg/ml 24 h - oxidative stfress .
nm - cell cycle disruption
- triggering JNK and p53 mediated signaling pathway
Shin et al.; 2010 23¢ TiO, aeroxide P25 murine BV2 microglia 25-200 pg/ml 24 h —.enhanced TNFa .pro.ductlo.n .
-increase NK-kB binding activity
rimary microglial: cat - cytotoxicity in PC12 cells after incubation with NPs treated microglia supernatant
Xue et al.; 2012 258 20 nm P yPClZ cgells, 0,25 and 0,5 mg/ml 24 hand 48 h - microglial activation

- release of pro-inflammatory factors

Marquez-Ramirez et al.; anatase; 40-200 nm

human U373; Rat C6

0-40 mg/cm?

24,48 and 96 h

- apoptosis
- decrease cell proliferation

2012 »° li
0 astrocytoma lines - morphology and cytoskeleton changes
- . - - cell cycle changes
Valdlgle5|azssft al.; 2013  anatase a:r(;I1 rutile; 25 human SH?ZI?SY neuronal 20-150 pg/m! 3,6,and 24 h - increase apoptotic cells
- genotoxicity
. - oxidative stress
Huerta-Garczls:: etal.; 2014 50 nm human U373’R?t 6 20 mg/cm? 2,4,6and24h - mitochondrial damages
astrocytoma lines - s
- lipid peroxidation
Fujioka et al.; 2014 262 anatase; 80 nm Human neuronal stem cells 0,01 -1 mg/ml 7 days ) morp.hologlc?l ghanges )
- cell differentiation alteration
- decrease cell viability
rimary cultures - altered cell ultra-structures
Sheng et al.; 2015 263 anatase; 5 nm P v 5-30 pug/ml 24 h - apoptotic rate elevated and disturbance in apoptotic cytokines

hippocampal neurons

- elevated cytoplasmic calcium and LDH activity

Table 10: In vitro investigation on TiO2 NPs neuro-toxicity (adapted from lavicoli et al., 2011; Song et al., 2015 and Czajka et al., 2015) 1% 13179
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Type of NPs

Model

Administration
mode

Dose and duration of
treatment

Outcomes

Wang et al.; 2007 ' TiO, 25, 80, 155 nm CD-1 mice oral Smg/kg; single dose - modulation of neurotransmitters levels
Rutile TiO, 80 nm; . . - modulation of neurotransmitters levels
. 233 > : .
Wang et al.; 2008 Anatase TiO, 155 nm CD-1 mice intranasally 500pg; 30 days - oxidative stress
Rutile TiO» 80 nm: - oxidative stress
Wang et al.; 2008b > Anatase Ti 02 155 n;n CD-1 mice intranasally 500pg; 30 days - morphological changes in hyppocampal neurons
2 - inflammatory response
Shimizu et al. 2009 2% Anatase TiO, 25-70 pregnant ICR mice subcytar_leous 0,1ng; gestational day 6,9, - offsprlngs: increased gene expressions involved in c_ell death, oxidative
nm injection 12 and 15 stress, brain development, apoptosis and neurotrnasmitters
Takeda ef al.; 2009 »* Anatase TiO, 25-70 pregnant SIc:ICR mice sul?cptar_leous 0,Img; 3,7, IQ and 14 day apoptosis
nm injection postcoitum
Anatase TiO, 5nm bulk abdominal cavity - oxidative stress

Ma et al.; 2010

TiO; 10-15 nm

CD-1 mice

injection

5-150mg/kg; 14 days

- inflammatory cells and filamentous shaped neurons

intra tracheal

13,2mg/kg; once per weeks

- oxidative stress

; . 265 . . .
Liet al.; 2010 Anatase TiO; 3nm Kunming mice instillation for 4 weeks - inflammatory infiltration and necrosis
Shin et al.; 2010 ¢ Rutile TiO, ; TiO, P25 C57BL/6 mice intraperitoneal 40 mg/kg: single dose ~ ~ Microglia activation and inflammatory response
njection - oxidative stress
3.
Hougaard et al.; 2010 % TiO, 21 nm mice inhalation 42mg/m’; 1h/day on - offsprings: neurobehavioral alterations
gestional days 8 to 18
- modulation of neurotransmitters levels
Hu et al.; 2010 % Anatase TiO, CD-1 mice intragastric 5-50mg/kg; 60 days - modulation in enzymes activity
- spacial recognition memory impairment
- disturbance of trace elements homeostasis
Takahashi et al.; 2010 2 Anatase Ti0; 25-70 pregnant Slc:ICR mice subcutancous 0.1ng; gestational day 6,9, modulation of neurotransmitters levels
nm injection 12,15 and 18

- hippocampal apoptosis

Hu et al.; 2011 27 Anatase TiO, 6,5 nm CD-1 mice intragastric 5-50mg/kg; 60 days - spacial recognition memory impairment
- oxidative stress
100mg/kg; from prenatal
Gao et al.; 2011 > TiO, >25 nm rats oral exposure of  day 21 to post natal day2 offsprings: alteration of synaptic plasticity in hyppocampus
a0 etaks 2 mothers or form post natal day 2 to prings: ynapc p y mhypp P
21
Zhang et al.; 2011 2% TiO, 10-50 nm mice intranasally 500ug; 30 days - neurons morphological changes

- disturbance in neurotransmitter levels

Table 11: In vivo investigation on TiO2 NPs neuro-toxicity (adapted from lavicoli et al., 2012; Song et al., 2015 and Czajka et al., 2015

) 12,13, 179
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Ze et al.; 2013 %

Anatase TiO, 5-6 nm

Model Administration mode

CD-1 mice intranasally

Dose and durati
of treatment

2,5-10mg/kg; 90
days

Outcomes

- hemorrage
- oxidative stress
- activation of P38-Nrf-2 pathway

Cui et al.; 2014 %7

Anatase TiO, 50nm

Sprague-Dawley rats subcutaneous injection

500pul; gestational
day 6,9, 12, 15 and
18

- offsprins: oxidative stress and enhanced the depressive-like
behaviors

2,5-10mg/kg; 90

- hippocampal lesion

for 20 days

Ze et al.; 20142 > Anatase TiO; 5-6 nm CD-1 mice intranasally - alteration in gene and protein expression
days - spatial recognition impairement
- oxidative stress
- overproliferation of glial cells
Ze et al.; 2014b 27 Anatase TiO; 5-6 nm CD-1 mice intranasally 2,5-10mg/kg; 50 - tissue necrosis .
days -hippocampal cells apoptosis
- alterations in gene expression
- hippocampal lesion
- overproiferation of glial cells
35-10me/ke: 90 - alteration in expression of genes involved in inflammatory
Ze et al.; 2014c ?7? Anatase TiO; 5-6 nm CD-1 mice intranasally =T ;ng & signaling pathway
ays - neuroinflammation
- spacial memory impairment
10mg/kg; from - offspring: impaired memory and learning; reduced cell
Mohammadipour et al. 2014 % Anatase TiO; 10 nm pregnant Wistar rats intragastric gestational day 2 to  Proliferation in hyppocampus
21
: - alteration of emotional behavior
Younes et al.; 2015 73 TiO, 20-30 nm rats intraperitoneal injection 2mg/kg; evary 2 days

Table 11 : Continued
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Experimental method

1. Acute Intravenous injection exposure study design

The design of the acute intravenous (IV) administration study is summarized in figure 24.
Fisher F344 Rats were injected in the tail vein with a suspension of TiO2 P25 Degussa NPs
previously characterized in saline buffer (see annexe 2: NPs characterization data). The selected
dose was 1 mg / kg. At early end point (6 hours), the effect of a higher dose of TiO, NPs, 10
mg / kg was also tested. Principal organs were collected for the titanium distribution analysis
from 30 min up to 356 day after exposure. Regarding the brain, earlier collection time points
have been added: Smin and 15 min to refine the description of brain distribution. A deep
analysis of titanium brain toxicokinetics was assessed by separated the brain microvessels from
the brain parenchyma.

The integrity and the BBB transport functions were also evaluated in vivo early time points (6
hours and 24 hours) and at 7 days and 28 days later as well as brain inflammation.

The identification of biomarkers responsible of BBB physiology modulation as well as of brain
inflammation was carried out. We used the in vitro BBB model to demonstrate the concept of
circulating mediators responsible for BBB physiology modulations in the absence of titanium
detection in the brain.
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Figure 24: Design of the single dose intravenous administration study.
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Experimental method

2. Sub-acute Inhalation exposure study design

Given the results of experimental studies, occupational or environmental exposures to
manufactured NPs or to unintentionally produced ultrafine particles may results in health effects
or diseases in human. We assessed biodistribution of TiO» NPs in the more representative
exhibitions of real human exposure, subacute inhalation.

An inhalation system to expose rat in nose only to nano-aerosols were set up. Young adult (12-
13 weeks old) and aging rats (19 months old) were exposed to a well characterized aerosol of
TiO2 NPs in a reproductively manner 6 hours daily (in two periods of three hours), 5 days per
week for 4 weeks. These exposures conditions are consistent with the OECD (Organization for
Economic Co-operation and Development) guideline TG-412.

As after IV administration, the biodistribution of titanium in major tissues and organs (lungs,
liver, spleen, kidneys, and blood) has been described between the end of the inhalation period
(day 0) and day 180 (Figure 25). Due to the advanced age of the animals from the elderly group,
the last time for organs collection was day 90 after the end of the inhalation period. Distribution
in CNS is only described by ICP-MS (Inductively Coupled Plasma Mass Spectrometry) assays
in the total brain. BBB physiology and brain inflammation was also assessed.
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Experimental method

3. Titanium distribution analysis: ICP-MS

In order to draw appropriate conclusions about TiO2 NPs distribution, a quantification
method was developed by J. Devoy. A paper describing the development of this method is
accepted for publication (see annexe 1).

Prior to ICP-MS assay, samples need an appropriate preparation in order to obtain titanium in
the mineral form. Four mineralization methods were compared in term of recovery and
quantification limit. Several tissues samples were tested and quantification limits were
calculated for each organ matrix. Mineralization with nitric and hydrofluoric acid was selected
because it allow to obtain the best recovery and quantification limits (for a TiO2 NPs
suspension, the recovery is 96% and the limit of quantification is 0.9 pg/L). After
mineralization, samples added with internal standard and calibration solutions were directly
injected for ICP-MS assay.

4. Blood brain barrier physiology evaluation

The study of in vivo BBB physiology after exposure to TiO2 NPs either by IV injection
or inhalation was done by calculating the brain to plasma partition coefficients (Kp) of three
molecules: Atenolol, digoxin and prazosin. Atenolol does not cross the BBB in normal
physiological conditions that make it a paracellular marker to evaluate BBB integrity. Digoxin
and Prazosin were selected as substrates of P-gp and BCRP, two main transporters of the BBB.
This cocktail of three molecules was administered through osmotic minipumps (Alzet®
minipumps) that allow subcutaneous infusion during several hours. Atenolol, digoxin and
prazosin were analyzed in plasma and brain homogenates by liquid chromatography coupled
with mass spectrometry in tandem (LC-MSMS).

A preliminary experiment demonstrated that after 4 hours of subcutaneous infusion, stables
plasma concentrations of these compounds were obtained (Figure 26).
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Figure 26: Plasma concentration of atenolol, digoxin and prazosin steady state. Plasma

concentration measured after sub cutaneous administration by LC/MSMS. Each data point represent the mean of
3 or 4 animals.

Therefore, the plasma and brain concentration are at the equilibrium. After 4 hours of infusion,
brain to plasma Kp can be calculated and are in the extent area of the curve. In the rate area, the
Kp represents the blood to brain diffusion, when at the steady state (extent) it allows the
evaluation of transporters activities (Figure 27).
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Figure 27: Evolution of brain /plasma ratio over time of infusion.

4.1.Integrity evaluation

In vivo atenolol Kp calculation allow integrity evaluation. An increase in atenolol Kp
between controls and exposed rats mean an increase in BBB permeability and inversely a
decrease of atenolol Kp means an increase impermeability.
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The integrity of the BBB was evaluated by analyzing tight junction proteins expressions.
Occludin and claudins are for example key proteins in tight junctions that seal neighboring
BECs and limit paracellular diffusion of substances. To evaluate expressions of those proteins
at the BBB level, brain endothelial microvessels were isolated and mRNAs expression were
measured by real time quantitative polymerase chain reaction (RT-qPCR). Gene expressions
were calculated as relative expression: 272, where ACt refers to the difference between the
threshold cycle of the target gene and hypoxanthine-guanine phosphoribosyltransferase 1
(Hprtl) as a housekeeping gene. Finally, protein expressions were stained by
immunohistochemistry on brain slide.

4.2. Transport function evaluation

P-gp and BCRP activities were evaluated throught digoxin and prazosin Kp
respectively. An increase of Kp meaning a decrease of the transporter’s activity.

The mRNA expressions of P-gp, BCRP but also other transporters at the BBB were
evaluated by RT-qPCR in isolated brain endothelial microvessels as described in the previous
paragraph.

5. Mediator research
5.1. Neurovascular inflammation evaluation

Two methods were used for cerebral inflammation characterization: 1) Fist on isolated
brain microvessels and brain parenchyma fraction, mRNA expressions of several cytokines and
chemokines were quantified by RT-qPCR.2) In the inhalation exposure studies this profiling
was completed by quantitative analysis of pro-inflammatory mediator using a multiplex
approach. This method was applied in brain homogenates but also isolated olfactory bulb
homogenates and serum samples. It allows quantification of a panel of proteins (in our case 11
cytokines and chemokines were selected) in one assay and in a limited volume of sample. The
principle of multiplex analysis is summarized in Figure 28. Each analytes were quantified based
on calibration curved (see annexe 3) than corrected by sample protein concentration.
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Figure 28: Luminex bead-based Multiplex assay principle (available at
www.rndsystems.com/resources/technical/luminex-bead-based-assay-principle).

I11p was also detected by immunohistochemistry staining on brain slice. These experiments
allow the localization of inflammation in different brain areas.

5.2. In vitro tool

An in vitro approach was used to validate the hypothesis of circulating mediators
responsible for modulation of BBB physiology in the absence of brain translocation of NPs and
to characterize BECs-NPs direct interaction.

The BBB model used combines two primary cell types in co-culture:

Microvascular endothelial cells were cultured on a semipermeable membrane and glial cells
including astrocytes predominantly in the well bottom (Figure 29). The apical pole represents
the blood compartment while the basal pole represents the brain compartment. This model
reproduces the main features of the BBB in vivo *7*:

e Low paracellular permeability
e Presence of tight junctions
e Expression of efflux transporters and pumps
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Figure 29: Schematic representation of the in vitro BBB model.

A preliminary study allows to determinate the proper sera or plasma dilution to apply in
the BBB model during 24 h in order to maintain integrity and transports functions. Then, sera
or plasma from control and exposed animals were collected at different time point. /n vivo
modulation of BBB physiology in relation with potential circulating mediators being observed
at day 28 after exposure, either after IV injection or after inhalation, we choose sera collected
at this same time point for in vitro experiments.

Diluted sera or plasma from control and exposed animals were applied in the apical
compartment of the model that mimics blood. After 24 h of exposure to sera, we analyzed:

e The potential effect on the BBB integrity by measuring the apparent permeability of the
paracellular marker, sucrose (Figure 30).

e The impact on active carriers by measuring the permeability coefficient of P-gp and
BCRP substrates. Vinblastine is a molecule which undergoes efflux transport at the
BBB in particular by the P-glycoprotein and Prazosin by the BCRP (Figure 28). The
impact on active carriers is evaluated based on the ratio of the permeability coefficients
measured in the direction A to B (apical to basal) versus B to A (basal to apical). The
second parameter is a measure of the activity of P-gp and BCRP of endothelial cells.
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Figure 30: Schematic representation of sucrose, vinblastine and prazosin passage
through brain endothelial cells monolayer.

e BECGs as well as glial cells were also recovered for cytokines/chemokines and structure
proteins mRNA expressions profiling by RT-qPCR.

To study direct interactions between BECs and TiO2 NPs, NPs powders were suspended
in sterile distilled water to achieve a stock suspension at a concentration of 10 mg/mL. This
stock suspension was stored at 4 °© C protected from light. The stock suspension was vortexed
5 minutes before using for dilution. Intermediate suspension called 100X was prepared from
the stock suspension in sterile distilled water. This 100X suspension was diluted to the
hundredth in the endothelial medium to obtain the final concentrations of exposure. Using this
dilution method, the percentage of solvent (water) in the endothelial medium is the same
whatever the prepared exposure concentration.

During this work, only the exposure via the apical compartment corresponding to blood was
tested for 24 hours. In this view, the apical media are removed and replaced by 500 pl of
endothelial medium containing a selected concentration of NPs. The selected exposure
concentrations were in the range from 0.1 to 100 pg/ml. At the end of 24 hours exposure, the
permeability and functionality of the barriers were tested as described above.
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Results and discussion

This section is divided into two parts:

1) Intravenous administration study
This part describes the biokinetics and impact on the brain of IV administered TiO2 NPs to
young adult rats.

2) Inhalation exposure study
This part summarizes the results of biodistribution of TiO» NPs in healthy young adults and
aging rats after subacute inhalation exposure. Regardless this biodistribution, results of BBB
physiology characterization and inflammation assessment were analysed in both age groups.
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Part I: Intravenous administration study

1. Context and introduction

The questions which arise from this study relate to the biodistribution and
bioaccumulation of blood circulating TiO> NPs and to the potential impact on the CNS and
more particularly the regulation of the BBB function and brain inflammation.

Despite recent evidences of ability for TiO> NPs to cross physiological barrier, distribution to
the CNS after IV administration in rodents remain debated. Indeed, Gereats et al. described
translocation of different sizes TiO» NPs to the brain parenchyma 24 hours after the
administration /! whereas three others studies concluded to the lack of translocation after
injection of 0.95 mg/kg to 10 mg/kg doses in rats or mice ¥ 7> 276 Therefore, additional
investigations are needed to clarify the distribution of TiO, NPs to the CNS.

The chosen dose for this study was 1 mg/kg. It was chosen voluntary low compare to published
IV studies in rodents 2/ 138 275. 276,

The distribution to major organs is determined from 30 minutes to 356 days after the IV
administration in order to provide a wild description of potential elimination and persistence
processes. To strengthen analysis of the CNS distribution, early time points is added for brain
and blood samples. In addition, the brain endothelial microvessels composing the BBB were
isolated from the brain parenchyma to understand the involvement of the BBB in the CNS
access. Thanks to a robust ICP-MS method (Devoy et al., accepted paper), small amounts of
titanlum were measured in the tissues and organs (see annexe 1). Indeed, samples
mineralization was optimized to obtained assay with 96% recovery and a limit of quantification
down to 0.9 pg/L.

Coupled to the distribution description, the BBB physiology is described. To confirmed
previous in vitro observations done on a primary rat based cells BBB model several parameters
are look at to evaluate BBB functions and neuro-inflammation.
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2. Major findings and Discussion

After TiO2 NPs IV injection, results show a rapid distribution of Ti to tissues with
bioaccumulation in liver, lungs, spleen up to one year after IV. In brain, Ti was significantly
found during the first 6 hours than cleared. Detailed analysis of CNS distribution highlighted a
limited translocation in the brain parenchyma and an internalization of Ti into BECs.

The ICP-MS assays were performed in principal organs but remained limited to highly vascular
organs: kidneys liver, spleen, lungs and brain. We observed a long term biopersistence up to
one year after administration in several organs including the liver. The distribution to heart has
not been investigated. Few studies have shown adverse cardiovascular effects (see Chapter I
part II). In heart, the capillaries presents similarities with cerebral microvessels and similar
effect on endothelial cells could be observed. Poorly vascularized tissues such as adipose tissue
have also not been analyzed. Long term accumulation and toxic effects can occur in these tissue.

To complete this biokinetics study, it would have been interesting to measure titanium in urine
and feces to understand the elimination process. This requires isolating animals in metabolism
cage for all the duration of the experiment and implementation of specific precautions to avoid
samples contamination by environmental titanium. Moreover a complete analysis of the
elimination process require collection of a very large number of samples containing small
amount of titanium. Small concentration of titanium expected in those samples will likely be
under the limit of quantification (i.e. LOQ of 7.4 ng/g in urine). These experiments have
therefore not been conducted.

Regarding brain distribution, titanium quantification in the isolated brain microvessels has
shown that TiO> NPs did not largely cross the BBB. Titanium was detected very quickly after
administration (few hours) and rapid clearance from BECs was observed. However, the precise
localization of TiO2 NPs in the BECs and clearance mechanisms remains to be investigated.
Previous in vitro data suggest that TiO> NPs can be internalize by BECs in cytoplasmic vacuoles
!, Two hypotheses on the clearance mechanisms have been addressed: elimination into the
bloodstream or into the CSF. To verify the titanium elimination hypothesis, CSF samples were
collected at early time points when the higher titanium concentration where measured in
isolated brain microvessels and total brain. The sampled volume being about 10 ul, the ICP-
MS assay was not possible. We tried an observation by TEM microscopy but due to the
complexity of CSF composition we did not observed NPs. Sample, once deposited on the TEM
grids crystallized quickly making impossible the identification of TiO> NPs. In addition,
titanium concentrations assumed in CSF were extremely low. Finally, since the CSF is fully
renewed several times a day, the transitional passage of so low amount of NPs would have been
extremely difficult to detect.

The functionality of the barrier has been evaluated according to two parameters:
e Integrity: we observed an overexpression of junction proteins at mRNA and proteins
levels at 28 days after administration when titanium was not detected in brain
microvessels. These observations at low doses (1 mg/kg) were not associated with
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modulation of BBB integrity. However, we demonstrated that high doses (10 mg/kg)
induce in vivo a breakdown of the BBB.

e Transport functions: we observed a decrease in BCRP transport activity at early time
point (6 hours) and a modulation of the mRNA expression of P-gp at late time point (28
days).

The development of Atenolol-Digoxin-Prazosin cocktail was used to evaluate in vivo the BBB
integrity and transport functions. Integrity and efflux activity was measured by calculating
brain/plasma partition. LC-MSMS assays were used to measure brain and plasma
concentrations. In blood, drugs such as atenolol, digoxin and prazosin are likely binding to
plasmatic proteins. Only the free fraction is substrate of the efflux pumps. It would therefore
have had to correct the plasma and brain concentrations through the free fraction to be more
representative of the actual pharmacological activity.

In order to go deeper in the analysis of direct interactions between NPs and the BECs cellular
machinery that are more than likely to take into account at early time points, we used the in
vitro BBB model. The purpose of this in vitro study was to obtain additional data to better
understand and characterize the effects of TiO2 NPs at the BBB in terms of modulation of
integrity and transport functions. After exposure to NPs, the functions of the barriers obtained
in vitro can be evaluated according to two parameters:

o Impact on the integrity of the BECs monolayer by measuring the sucrose permeability
coefficient. Sucrose is a molecule that is not transported and thus cannot pass an
undisrupted barrier.

o Impact on carrier’ activity by measuring the permeability of vinblastine. Vinblastine is
a molecule which undergoes efflux transport at the BBB in particular by P-gp.

By testing a concentration range from 0.001 to 100 pg / mL, we intended to identify a threshold
concentration as an effective concentration 50 (ECso). The ECso is the concentration of NPs
Ti0; which induces a variation of 50% of the measured parameter compare to the non-exposed
control. An ECso is determined for the integrity parameter (sucrose permeability coefficient)
and the transport parameter (efflux ratio of vinblastine).

After exposure for 24 hours to TiO2 NPs in the apical compartment, the sucrose permeability
coefficient increases in a dose-dependent manner. The lowest concentrations tested for this
parameter, 0.01 pg/ml to 1 pg/ml did not affect significantly the integrity of the BECs
monolayer as the sucrose permeability coefficient remains below the threshold of 8,3.10°° cm/s.
However, the integrity of the barrier is altered at the highest concentration of 100 pg/ml
(Additional file 2). Indeed the sucrose permeability after exposure to this concentration is more
than 3 times higher than the untreated controls. Previous laboratory study demonstrated that
this disruption also results in decreased expression of the structural proteins of the BBB (claudin
5, zonula occludens) /. This phenomenon was also observed for longer exposures. These results
are supported by the location TiO> NPs obtained by TEM. The proportion of TiO> NPs
internalized in BECs increases with the duration of exposure. In case of repeated exposure,
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almost all of the observed TiO, NPs were localized within cells, grouped in cytoplasmic
vacuoles. Measurements made at intermediate concentrations were used to define a dose
response relationship as well as calculate the ECso (Additional file 2). The ECso for sucrose
permeability was estimated at 6.16 pg/ml.

After IV administration at low dose, 1mg/kg, we did not observed early alteration of BBB
integrity when titanium was detected in brain microvessels (6 hours after IV administration).
However, after administration of a higher dose, 10 mg/kg, we observed an increase in atenolol
Kp suggesting an alteration of the integrity of the barrier (see additional file 1). Although it is
very difficult to correlate blood exposure concentrations and the ones used for in vitro
experiments on the BBB model, the in vivo and in vitro observations are consistent. In the
scenario of a blood distribution with the possibility of direct interaction between NPs and BECs,
our data suggest a disruption of the barrier integrity at higher doses (see additional file 2). This
consistency underscore the relevance of the in vitro BBB model in nanotoxicology evaluation.

Unfortunately, brain digoxin concentrations being below the limit of quantification by LC-
MSMS, the in vivo P-gp activity could not be assessed. In vitro, the P-gp activity can be
evaluated through the efflux ratio of vinblastine. After 24 hours of TiO2 NPs exposure, the
vinblastine efflux ratio is decreased in a dose dependent manner. The lowest concentrations of
0.1 and 1 pg/ml do not induce significant changes in the P-gp activity compared to the untreated
controls (Figure 31). The vinblastine efflux ratio was decreased when the concentration of 20
ng/ml of TiO2 NPs was applied. From the previous results (Additional file 2), at the 100 pg/ml
concentration, the integrity of the barrier is disrupted, thus, the P-gp activity no longer has
meaning. The ECs for this Pg-p activity parameter was estimated at 0.88 pg/ml. The decrease
of vinblastine efflux ratio is notable at concentrations under sucrose ECso. This suggest that at
these concentrations, the integrity of the barrier is valid and modification of vinblastine ratio
can be interpreted as modifications of P-gp activity.
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Figure 31: Effect of 24 hours exposure to TiO2 NPs on the vinblastine efflux ratio as a

function of the concentration of NPs. Representation of the average effect of at least 2 experiments, error
bars represent the standard deviation. The horizontal dotted line represents the usual limit value of 2 under which
the P-gp activity is considered invalid. The zone between two violet lines represents sucrose apparent permeability
coefficient for the controls (Mean in yellow).

The in vivo P-gp activity was not evaluated after [V administration. Thus, these in vitro results
suggest that direct interaction between NPs and BECs can impact the P-gp activity. This
complete the characterization of transport functions. Altogether, in vivo and in vitro experiment
suggest alteration of BCRP (at 6 hours after IV administration) and P-gp (24 hours after
exposure in vitro) activities. These rapid modulations of two major ABC transporters activities
can have important consequences on CNS protection.

Several hypothesis about mechanisms can raise from these observations:

e Direct interaction between NPs and transporters/involvement of these transporters in
NPs transport and clearance

e Interaction with BECs machinery and activation of signaling pathways (e.g. signaling
pathways in response to oxidative stress such as P38-Nrf-2 ?%%)

Our In vitro BBB model demonstrated is interest in transport activities evaluation. Here, further
investigations are needed to clarify molecular interactions occurring in BECs and the in vitro
approach may be use in the future.

95



Results and discussion

The BBB has a wide variety of efflux pumps involved in the brain detoxification and cerebral
function. These pumps have share substrates and there are substitute mechanisms to maintain
brain homeostasis. In this study we focused on P-gp and BCRP, the two major efflux pumps of
the BBB. However, it would also have been interesting to assess the functions of other carriers
as carriers of energy substrates (e.g. Glutl and 3 for glucose) which play a major role in
supplying the brain.

At late time points in the absence of titanium in the brain were associated with a neuro-vascular
inflammation. This neurovascular inflammation was characterized by a profiling the mRNA
expression of pro-inflammatory cytokines and chemokines. Only the expression of IL1J was
measured at the protein level by immunohistochemistry staining on brain slices.

The neuro-vascular inflammation described in vivo is in accordance with previous in vitro data
on the BBB model /. Drawing onthe outcomes showing dysfunction of the BBB and
neurovascular inflammation in the absence of titanium in the brain, the hypothesis of circulating
mediators originating from organs accumulating TiO, NPs was assumed. To test this
hypothesis, we exposed the in vitro BBB model to sera from controls and exposed animals.
After 24 hours of exposure mimicking a blood borne exposure, consistent modulations of
cytokines and chemokines were noted. The nature of these circulating mediators: inflammatory,
metabolic ... needed to be determined.

Circulating metabolites, indicators of systemic and / or tissue inflammation can impact the
physiological functions of the BBB. As example, sulphatides, a family of lipid metabolites are
involved in many processes in the CNS and may exacerbate the inflammatory response in the
brain °”7. Higher blood concentration of ceramides, another family of lipid metabolites has been
proposed as biomarkers for early brain changes in AD ?7%. Moreover, the crucial role of lipids
metabolites is demonstrated by the large number of CNS diseases in which lipid metabolism is
altered 27°. This underscores interest to investigate metabolism alteration in blood but also in
organs accumulating titanium to understand the indirect effect of the TiO» NPs distribution on
cerebral functions. In this context, we explored ceramides metabolism pathway in the liver.
Ceramidases are enzymes that cleave fatty acids from ceramide, producing sphingosine. mRNA
expression of several ceramidases have been analyzed in the liver sampled at 28 days after [V
in controls and exposed rats. We highlighted down expression of two ceramidases: the acid
ceramidase (ASAH 1) and one isoform of the neutral ceramidase (ACER 3) (Figure 31). These
observations suggest that ceramide family species are less catabolized and potentially
accumulate in the liver. Once release in the blood, ceramides may promote central effect.
Ceramides potentially being circulating mediators linking modulation of BBB physiology and
neuro-inflammation, they need to be identified in the liver and in blood.
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Figure 32: mRNA expression of ceramidases ASAH 1, ASAH 2, ACER 2 and ACER 3 in

the liver 28 days after IV injection of 1 mg/kg TiO2 NPs. RT-qPCR was performed in duplicate for
each single liver sample. Relative gene expression values were calculated as 274€T, where ACT is the difference
between the amplification curve (CT) values for genes of interest and housekeeping genes (beta actin). Results

represented as median of n = 6 animals. Statistical comparison was performed by two tailed Mann-Whitney test,*
P <0.05.

The spleen is a secondary lymphoid organ which participates in the establishment of systemic
inflammatory reaction. Thus we were concerned about potential inflammation in this organ in
response to long term titanium accumulation. We explored spleen expression few cytokines and
chemokines by RT-qPCR. We noted an increase TNFa expression (P=0.068) (Figure 33). TNFa
have already been demonstrated to affect BBB permeability and transport functions 2% ?%’, Thus
pro-inflammatory mediators such as TNFa can also be propose as mediators linking
accumulation of titanium in peripheral organs and effect at the SNC level. Identification in
blood will confirm this hypothesis.
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Figure 33: mRNA expression of cytokines interleukin 2 (IL2) interleukin 10 (IL10) and
Tumor necrosis factor o (TNFa) in the spleen 28 days after IV injection of 1 mg/kg TiO2

NPs. RT-qPCR was performed in duplicate for each single spleen sample. Relative gene expression values were
calculated as 27T, where ACT is the difference between the amplification curve (CT) values for genes of interest
and housekeeping genes (GAPDH). Results represented as of n =4 animals. Statistical comparison was performed
by two tailed Mann-Whitney test.
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3. Article 1: Tissue Biodistribution of Intravenously Administrated Titanium
Dioxide Nanoparticles Revealed Blood-Brain Barrier Clearance and Brain
Inflammation in rat
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Abstract

Background: Notwithstanding increasing knowledge of titanium dioxide nanoparticles (TiO, NPs) passing through
biological barriers, their biodistribution to the central nervous system (CNS) and potential effects on blood-brain
barrier (BBB) physiology remain poorly characterized.

Methods: Here, we report time-related responses from single-dose intravenous (IV) administration of 1 mg/kg TiO,
NPs to rats, with particular emphasis on titanium (Ti) quantification in the brain. Ti content in tissues was analyzed
using inductively coupled plasma mass spectrometry. Integrity and functionality of the BBB as well as brain
inflammation were characterized using a panel of methods including RT-PCR, immuno-histo chemistry and
transporter activity evaluation.

Results: Biokinetic analysis revealed Ti biopersistence in liver, lungs and spleen up to one year after TiO, NPs
administration. A significant increase of Ti in the brain was observed at early end points followed by a subsequent
decrease. In-depth analysis of Ti in the total brain demonstrated quantitative Ti uptake and clearance by
brain microvasculature endothelial cells (BECs) with minimal translocation in the brain parenchyma. The
presence of Ti in the BECs did not affect BBB integrity, despite rapid reversible modulation of breast cancer
resistance protein activity. Ti biopersistence in organs such as liver was associated with significant increases
of tight junction proteins (claudin-5 and occludin), interleukin 13 (IL-1B), chemokine ligand 1 (CXCL1) and vy
inducible protein-10 (IP-10/CXCL10) in BECs and also increased levels of IL-13 in brain parenchyma despite
lack of evidence of Ti in the brain. These findings mentioned suggest potential effect of Ti present at a
distance from the brain possibly via mediators transported by blood. Exposure of an in vitro BBB model to
sera from TiO, NPs-treated animals confirmed the tightness of the BBB and inflammatory responses.

Conclusion: Overall, these findings suggest the clearance of TiO, NPs at the BBB with persistent brain
inflammation and underscore the role of Ti biopersistence in organs that can exert indirect effects on the
CNS dependent on circulating factors.
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Background

Titanium dioxide (TiO,) nanoparticles (NPs) are the sec-
ond most frequently used NPs in industry worldwide
(http://www.nanotechproject.org). TiO, is widely used as a
white pigment in paint, ink, plastic, and paper and as food
additive, while the nanosized TiO, is also used for its
photocatalytic activity in self-cleaning materials and for its
UV absorption capacity in sunscreen cosmetics [1]. TiO, is
also used in the composition of dental prosthesis and im-
plant biomaterials. Because of these multiple applications,
TiO, is massively produced and as nano-sized particles is
found in variable proportions in daily life products. For ex-
ample, for food grade TiO, (E171) fraction of particles
under 100 nm, thus corresponding to the strict definition
of NPs was estimated at 36 % by Weir et al. and 5-10 %
reported by Peters et al. [2, 3].

Recent toxicological and pharmacological research on
rodents has shown that TiO, NPs may translocate across
physiological barriers such as respiratory, intestinal and
vascular epithelium and therefore reach various organs
and tissues including the brain [4—6]. The brain is well
protected by the blood brain barrier (BBB), which con-
tains cells of several types: brain endothelial cells (BECs),
astrocytes, and pericytes [7—11]. These cells communi-
cate closely to guarantee a physical and functional bar-
rier between the blood and the central nervous system
(CNS): tight junctions connecting endothelial cells and
many transporters including two major ATP-driven drug
efflux pumps, the P-glycoprotein (P-gp) and breast can-
cer resistant protein (BCRP) [12-14]. This neurovascular
unit regulates distribution of xenobiotics to the brain.

Fabian et al. reported a lack of translocation of 20 nm
TiO, NPs to the brain parenchyma 24 h after intraven-
ous (IV) injection of a dose of 5 mg/kg to rats [15].
These findings are further supported by other studies
results in which lack of brain distribution was noticed
6 h following IV administration of 0.95 mg/kg of
Degussa P25 TiO, NPs to rats [16] and 24 h after
administration of a 10 mg/kg dose of rutile TiO, NPs to
mice [17]. However, Geraets et al. showed the presence
of TiO, NPs of different sizes and crystalline forms 24 h
after a 5 mg/kg IV dose in the brain of rats [18]. While
brain translocation of TiO, NPs after IV administration
remains contradictory, oral and pulmonary exposure in
rodents has shown distribution of TiO4 NPs to the CNS
[18, 19]. Disturbance of neurotransmitters and enzymes,
oxidative stress and inflammatory response have been
described as neurotoxic effects after nasal instillation,
intraperitoneal injection, oral administration or prenatal
exposure [20-25]. These findings raised the question of
the entry of TiO, NPs into the brain and of their inter-
actions with the BBB.

Our previous data using an in vitro BBB model [26]
show that P25 TiO, NPs (21.5 nm, 75 - 25 % anatase/
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rutile) can accumulate in BECs, with very low and
limited translocation in the glial cells, hinting at the
“physical barrier” role of the BEC epithelium [27]. Over-
all, these contradictory in vitro and in vivo findings show
that additional investigations are needed to ascertain in
vivo brain translocation of TiO, NPs, interactions
between TiO, NPs and the BBB, and potential adverse
effects in the brain. These are the main subjects of the
present study.

We used well-characterized anatase/rutile TiO, NPs
(P25 aeroxide Degussa) to evaluate in vivo biodistribu-
tion of TiO, NPs, with particular emphasis on in vivo
interactions with the BBB. We evaluated the biokinetics
of TiO, NPs from 5 min up to one year after IV admin-
istration to adult Fischer rats at a dose of 1 mg/kg. This
mode of administration and concentration was chosen
for comparison to the contradictory literature. Moreover,
IV allows clarify the potential brain translocation under
conditions of 100 % systemic bioavailability without im-
pact of NPs transport across other biological barrier that
could impact NPs. In addition, the potential effects on
BBB physiology and subsequent induction of neuroin-
flammation markers were analyzed.

Results and discussions

Characterization of titanium dioxide nanoparticles
Morphology and size of TiO, NPs in stock suspensions
were determined by Transmission Electron Microscopy
(TEM). The mean diameter of individual particles was
found to be 21.5+7.2 nm (400 counts) (Fig. 1a). Scan-
ning Electron Microscopy (SEM) confirmed spherical
morphology of particles and Energy Dispersive X-ray
(EDX) analysis on the same images confirmed purity of
the product (i.e. only Ti and O are detected indicating
the absence of other metal contamination greater than
1 %) (Data not shown). Analysis by X-ray diffraction
confirmed the presence of a mixture of 75 % anatase
and 25 % rutile crystal phases (Data not shown). The
specific surface area, 51 m?/g, was measured by
Brunauer—Emmett—Teller (BET) method and corre-
sponds to 30 nm grain diameter.

Dynamic light scattering (DLS) measurements shows
that NPs agglomerate in water and to a larger extent in
saline buffer with hydrodynamic diameters of 163.5 +
12.6 and 520.9 +41.7 nm, respectively (Fig. 1b). Those
measurements highlight the important tendency of TiO,
NPs to aggregate/agglomerate as soon as they are in sus-
pension. We choose not to apply other dispersion proto-
col for in vivo experiments as they usually necessitate
modifying NPs surface. In addition, the size distribution
we obtained is comparable to the one in Fabian, Xie and
Geraets’s study [15, 17, 18] which would ease data con-
frontation. Indeed, it is worth noticing that even agglom-
erated in suspension, NPs form presents a greater
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Fig. 1 Characterization of TiO, NPs. a Representative TEM image of the TiO, NPs (magnification 40.000 x) and size distribution histogram. More

than 400 NPs were measured randomly on several micrographs. The average diameter was 21.5 nm and the standard deviation 7.2. b Size distribution
by intensity obtained by DLS for TiO, NPs suspended in water (grey) or in saline buffer (black). Vigorous vortexing was the only treatment of the
suspensions and measurement conditions were optimized resulting in a fixed lens position at 4.65 mm and a concentration of 25 pg/mL. Mean
hydrodynamic radius were 163.5 +12.6 and 5209 + 41.7 nm for water and saline buffer respectively
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reactive surface area that may promote adverse effect
compare with the same material particles in micro
size scale.

Biodistribution and accumulation studies of titanium
dioxide nanoparticles

Ti burdens in organs and tissues after IV administration
are shown in Fig. 2. In a previous work, we fully com-
pared four commonly used mineralization methods for
TiO, NPs and established that one of them involving
nitric and hydrofluoric acids, combined to the inductively
coupled plasma mass spectrometry (ICP-MS) method
allows Ti quantification for NPs in biological samples with
limit of quantification (LOQ) from 4.7 to 33.1 ng/g
depending on the tissue sample mass available. This
method was validated for linearity, repeatability and accur-
acy. Matrix effects and recoveries were checked and quan-
tification limit was determined, sine qua none conditions
for providing valuable data (Devoy et al., 2015 accepted
paper). Ti burdens in liver, spleen and lungs of the treated
group were significantly higher than those of the control
group from 30 min to 356 days (P <0.001). The Ti level
was higher in the liver than in spleen and lungs. Assays

performed one year after TiO, NPs administration to rats
indicated that Ti burden remained high, suggesting long-
term biopersistence and no major elimination from
the liver. Indeed, approximately 33 % of the Ti bur-
den at early time points (less than 24 h) remain in
the liver one year after IV administration. The Ti bur-
den in kidneys of the treated group was significantly
higher from 30 min to 24 h, and then decreased sig-
nificantly after 7 days after IV administration. Signifi-
cant levels of Ti were never found in blood (plasma
or blood cells) of the treated group, even at early end
point (i.e. 5 min).

Our findings confirm previous studies showing that
the liver, spleen and lungs appear to be the major organs
of accumulation of TiO, NPs after IV administration
[15-18, 28] in rodents. We estimate that we recover ap-
proximately 44 % of the administered dose in the liver,
10 % in lungs and 2 % in spleen 6 h after IV administra-
tion. As reported previously, the clearance of TiO, NPs
from the blood circulation is rapid, so Ti was never de-
tected in plasma or blood cells [15, 28]. The limit of
quantification of the ICP-MS method used is about
15 ng/ml for plasma and about 14 ng/g for blood cells.
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In this context a low blood concentration of Ti cannot
be ruled out. Driven by the quantification method devel-
oped, we then focused on the Ti brain content.

Quantification of titanium dioxide in the brain

IV administration of TiO, NPs to rats resulted in
trace amount of Ti content in total brain at early end
points (Fig. 3). Ti was significantly detected from
5 min (brain Ti concentration was 261.40 + 28.86 ng/
g for the treated group vs. 68.25+ 6.56 ng/g for the
control group, P<0.001) to 6 h (brain Ti concentra-
tion was 110.00 + 25.05 ng/g for the treated group vs.

66.75+7.36 ng/g for the control group, P <0.001)
(Fig. 3a). We found a significant decrease in the cere-
bral tissue Ti concentration after 24 h. Ti content
after 24 h in the treated group did not differ signifi-
cantly from that in the control group. These data are
in agreement with the recent study by Geraets et al,,
who found Ti in rat total brain 24 h after IV admin-
istration of 5 mg/kg doses of different TiO, NPs
whatever their sizes and crystallinity [18]. Shinohara
et al. also measured traces of Ti in rat total brain 6 h
after IV administration of a 0.95 mg/kg dose of P25
Degussa TiO, NPs [16]. Fabian et al. did not detect
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Ti in the total brain, a result which could be ex-
plained by the sensitivity of the analytical inductively
coupled plasma atomic emission spectroscopy (ICP-
AES) method used.

These observations raise one important question: do
TiO, NPs cross the BBB and accumulate in the brain
parenchyma or remained located in the brain micro vas-
culature? As a crucial component of the BBB, the BECs

and a fraction corresponding to glial and neural cells re-
ferred to as the parenchyma fraction were separated, as
we described previously [29]. The purity of the resulting
BECs was checked after RNA isolation and real-time
PCR experiments by measuring the expression of cell-
specific marker genes for BECs (CD31 or PECAM) and
for glial cells (glial fibrillary acid protein). The purity of
isolated BECs was 99.58 + 0.11 % and of the parenchyma
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fraction 98.52 +1.17 %. Analysis of Ti content in these
two separated fractions highlighted rapid internalization
of TiO, NPs into BECs (at 5 min after IV Ti concentra-
tion in treated group was 6579.33 £594.36 ng/g vs
907.16 + 158.70 ng/g in the control group P <0.001),
followed by a significant decrease at 2 h (Fig. 3b). With
caution to the background increased in the untreated
animals at 28 days, at 5 min and 2 h after IV a signifi-
cant increase of Ti between controls and treated animals
was found in the parenchyma fraction but correspond to
a very low amount of Ti (Fig. 3c). At 28 days after IV
administration, Ti content in BECs was not different in
the control and treated groups as well as in the paren-
chyma fraction of both same age groups. Notwithstand-
ing the uptake of TiO, NPs by the BECs and the very
low concentration found in brain parenchyma, our find-
ings suggest that the BBB regulates the uptake and clear-
ance of TiO, NPs. This is in line with previous in vitro
findings from our laboratory that have demonstrated
rapid internalization of TiO, NPs by BECs [27] wherein
NPs have been evidenced in vesicles, suggesting that iso-
lated or aggregated NPs can be exported from the cell
via exocytosis. In vivo, two clearance pathways can be
hypothesized: exocytosis back in the blood circulation or
transcytosis across BECs to enter the cerebrospinal fluid
(Fig. 3d). The mechanism of internalization and clear-
ance of Ti from the BECs thus remain to be determined.

BBB physiology modulations

Here we have shown that there is early clearance of
TiO, NPs at the BBB and significant biopersistence of Ti
in organs (i.e. liver, spleen, etc.) after IV administration
of TiO, NPs to rats. This raises the question of whether
there is a direct or indirect effect of TiO, NPs on BBB
physiology in terms of BBB integrity, on regulation of
proteins involved in brain detoxification, such as P-gp
and BCRP, and regulation of neuroinflammation.

BBB integrity

Since alterations in the expression and/or distribution
of tight junction proteins are associated with patho-
physiological conditions, such as neurological disor-
ders (Alzheimer disease, multiple sclerosis, dementia,
epilepsy, etc.) [10, 30-32], we investigated whether the
presence or lack of TiO, NPs in the BECs after IV admin-
istration to rats would compromises BBB integrity or not.
Occludin and claudins are key proteins in tight junctions
that seal neighboring BECs and limit paracellular diffusion
of substances. The expression of claudin-5 and occludin
mRNA was determined, as well as the partition coefficient
or Kp of atenolol, a known paracellular drug marker [33],
which does not cross the BBB in normal physiological
condition. The marketed increase of atenolol Kp will
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reflect the increased in the apparent permeability of aten-
olol attributed to the BBB disruption.

The expression profiles of the genes encoding
claudin-5 and occludin are represented in Fig. 4. In
freshly isolated BECs, their mRNA expression levels
were not significantly different between control and
treated animals at 24 h after IV administration of
TiO, NPs (Fig. 4a and c). However, notwithstanding
the lack of Ti within the brain, the biopersistence of
Ti in the other organs revealed an increase of
claudin-5 and a slight increase for occludin mRNA
expression (P=0.057) in the BECs 28 days after IV
administration of TiO, NPs (Fig. 4b and d). The up-
regulation of tight junction mRNA in BECs correlates
with protein expression evidenced by immunofluores-
cence staining (Figs. 5 and 6). In addition, the brain
to plasma concentration ratio (Kp) of atenolol was
determined. The atenolol Kp between controls and
treated animals remained unchanged (Fig. 7), suggest-
ing lack of BBB breakdown after administration of
1 mg/kg TiO, NPs in rats. However, higher doses of
TiO, NPs (10 mg/kg) induced an increase of atenolol
Kp 6 h after IV administration, suggesting compromise
of BBB integrity and testifying for the ability of the integ-
rity probe (Additional file 1). These findings on the conse-
quences of exposing the BBB to TiO, NPs are in
accordance with observations on the in vitro BBB model
(Additional file 2).

Overall, these data suggest BECs activation at 28 days
and a plausible establishment of a BBB repair mechan-
ism after IV administration of TiO, NPs (1 mg/kg). This
raises the question of the mediators potentially involved
in these processes.

Regulation of P-gp and BCRP at the BBB

A number of transport and carrier systems are expressed
and polarized on the luminal or abluminal surface of the
BECs. Among these systems, Adenosine triphosphate-
Binding Cassette (ABC) transporters play a critical role
in preventing neurotoxic substances from entering the
brain, and in transporting toxic metabolites out of the
brain. mRNA expressions as well as transport activities
of two major ABC transporters (Abcb1/P-gp and Abcg2/
BCRP) at the BBB were investigated after IV administra-
tion of TiO, NPs. Data depicted in Fig. 8a and ¢ show
no change in Abcbl and Abcg2 mRNAs at 24 h in the
rat BECs, while biopersistence of Ti in organs except
brain (28 days) correlated with an increase in Abcbl
mRNAs but not Abcg2 mRNAs expression (Fig. 8b, d),
suggesting differential P-gp and BCRP transporter regu-
lation mechanisms. The regulation of Abcbl mRNAs has
been also described in the context of oxidative stress,
signaling initiated by Diesel Exhaust Particles for
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example, due to the activation of Nicotinamide Adenine
Dinucleotide Phosphate-oxidase which produces Reactive
Oxygen Species, stimulates Tumor Necrosis Factor - a
(TNF-a) release and activate TNF receptor 1 (TNF-R1). In
turn, TNF-R1 activates the transcription factor Activator
Protein 1 leading to an increase in P-gp expression. Acti-
vation of nuclear factor E2-related factor-2, a sensor of
oxidative stress, also upregulates P-gp expression at the
BBB [34]. To determine whether the increase in mRNA
expressions resulted in changes in protein activity, we
measured the Kp of digoxin and prazosin as examples of
P-gp and BCRP substrates [35-39], respectively. A de-
crease of transporter activity is indicated by his substrate
Kp increase. Functional studies show a rapid down regula-
tion of BCRP activity indicated by a brain increase of
prazosin concentration 6 h after exposure to TiO,
NPs (Kpprazosin = 0.48 £ 0.03 for treated group versus
Kpprazosin = 0.34 + 0.03 for control group), whereas no
change in transport activity was observed at 24 h, 7
or 28 days after TiO, NP exposure (Fig. 8e). These
findings pointed out different signaling processes at
the BBB level during early (e.g. direct interaction of
TiO, NPs with the BBB) and late events (e.g. cytokine
signaling) after IV TiO, NPs administration to ani-
mals. Such regulation has been evidenced when brain
capillaries was exposed to low levels of Lipopolysac-
charide [34, 40]. We could not correlate the increase
in Abcbl mRNA expressions 28 days with the P-gp

protein transport activity since brain digoxin concen-
trations were under the quantification limit in both
the controls and the treated group, so P-gp activity
was not measurable. It is worth noticing that this dis-
turbance of P-gp and BCRP expression or activity was
also observed on the in vitro cell based BBB model
after 24 h exposure to TiO, NPs (data not shown).
Such disturbance of BCRP or P-gp activities could
alter the detoxification function of the BBB. Indeed,
P-gp and BCRP have a very wide variety of substrates
and modulation of their efflux capacities even low
can potentially lead to accumulation of neurotoxics in
the brain parenchyma [41].

Neuroinflammation assessment and relation to
biopersistence of TiO, NPs in organs

Finally, we were concerned about a potential neuroin-
flammation as such a phenomenon was at stage in our
in vitro cell based BBB model and described in vivo after
intraperitoneal injection of TiO, NPs [22, 42]. We stud-
ied the influence of the short-term presence of Ti in the
BECs and the impact of biopersistence of Ti in other or-
gans on CNS inflammation, especially at the BBB and in
the brain parenchyma. The presence of Ti in BECs at
early end point depicted in Fig. 3b (significant up to
24 h after IV administration) is correlated with a signifi-
cant increases of interleukin 1p (IL-1p) and chemokine
ligand 1 (CXCL1) (Fig. 9). These increases in addition to
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Fig. 5 Representative images of immunofluorescence expression of tight junction protein claudin-5 (red) and endothelial cell marker vonWillebrand
factor (VWWF, green) in the cerebral microvasculature of (a) control rats, or tissues collected from rats treated with 1 mg/kg TiO, (IV) at (b) 5 min; (c) 6 h;
(d) 24 h or (e) 28 days post-treatment. Yellow fluorescence indicates overlay (co-localization) of claudin-5 and VWF. Arrows indicate areas of increased
yellow fluorescence. Graph in (f) shows analysis of relative fluorescence of overlay images + SD. *P < 0.050 compared to controls
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y inducible protein-10 (IP-10/CXCL10) are maintained
28 days after IV administration, whereas no Ti was de-
tected in BECs or in the brain parenchyma. In the brain
parenchyma, we also noted an increase of interleukin 6

(IL6) expressions at 28 days after IV administration
(Fig. 9). First, the persistent brain inflammation evi-
denced in this study at the brain microvasculature level
28 days after TiO, NPs exposure raised the question of
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Fig. 6 2Representative images of immunofluorescence expression of tight junction protein occludin (red) and endothelial cell marker vonWillenbrand
factor (VWF, green) in the cerebral microvasculature of (a) control rats, or tissues collected from rats treated with 1 mg/kg TiO, (IV) at (b) 5 min; (c) 6 h;
(d) 24 h; or (e) 28 days post-treatment. Yellow fluorescence indicates overlay (co-localization) of occludin and VWF. Arrows indicate areas of increased

yellow fluorescence. Graph in (f) shows analysis of relative fluorescence of overlay images + SD. * P < 0.050 compared to controls
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potential brain dysfunction. Indeed, a link between per-
sistent neuro-inflammation and brain pathologies as
already been established [43]. Second, modifications of
P-gp and structural tight junction protein mRNA ex-
pressions come with modulation of cytokines and

chemokines 28 days after TiO, NPs administration to
rats. This is not correlated with measurable Ti brain and
plasma content. In this context, an indirect mechanism
of interactions between NPs and BECs could be sug-
gested. It is likely that soluble mediators interacts with
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Fig. 7 BBB integrity assessment. The integrity was estimated by
the ratio between atenolol concentrations in brain and plasma
(partition coefficient or Kp) at 6 h, 24 h, 7 days and 28 days after IV
administration. Each data point represents the mean +SD of n=4
rats. Statistical comparison was performed by two-way ANOVA

their BBB targets and elicit BECs activation and neuro-
vascular inflammation. For example, pro-inflammatory
mediators such as TNFa distributed through the sys-
temic circulation affect ABC transporter expression and
activity [44, 45]. We thus suggest that 28 days after
exposure, circulating cytokines and chemokines released
probably by organs containing high amounts of Ti in-
duce activation of BECs and initiate the release of IL-1f,
IP-10 and CXCL1, which act in a paracrine way to acti-
vate astrocytes/microglia cells in the brain parenchyma.
Immunofluorescence staining revealed an increase of IL-
1B in the rostral and caudal diencephalon (Fig. 10).
Because of its massive and biopersistence of Ti, liver
could be a key organ for induction of oxidative stress,
lipid composition modifications, and immune response
as reported elsewhere [25, 46-48]. Mediators such as
cytokines, chemokines and lipids circulating in the blood
may be responsible indirectly for BBB deregulation at
late end points. Transposition of the effect evidenced at
the BBB on other endothelial cells by blood circulating
factors could not be excluded.

Circulating serum factors from rats treated with TiO, NPs
induce an inflammatory response in a cell-based BBB
model

To demonstrate whether circulating cytokines/mediators
that may be released by organs bioaccumulating Ti can
lead to neurovascular inflammation and BBB physiology
alterations, we performed in vitro studies on the primary
rat cell-based BBB model described previously [26]. The
model was exposed to diluted sera from untreated and
treated animals collected 28 days after exposure to TiO,
NPs. Exposure of the apical compartment mimics blood-
borne exposure. After 24 h of exposure to serum, the
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integrity of the BECs monolayer was checked and BECs
and glial cells were recovered for mRNA profiling.

After 24 h of exposure, the integrity of the BECs mono-
layer remained intact in the control group as well as in the
treated group (Fig. 11f), thus confirming the maintenance
of BBB integrity observed 28 days after exposure in vivo
(apparent permeability (P,p,,) for Lucifer Yellow (LY) was
2.08 £0.99 cm/s for controls vs 2.17 + 0.77 cm/s for the
treated group). In BECs, we noted a tendency of increase
for occludin mRNA expression (P =0.057), which is in
accordance with in vivo observations. The mRNA expres-
sions of IL6, CXCL1 and glial fibrillary acid protein
(GFAP) in astrocytes were upregulated. These inflam-
matory markers are key proteins for communication
between glial and BECs [49-54]. This in vitro mRNA
upregulation in glial cells of the BBB model suggests
that the mediators are present 28 days after exposure
in the serum of treated rats and allows to consolidate
our hypothesis of circulating mediators.

Conclusions

The major findings of our study are depicted in Fig. 12 and
Fig. 3d. They show a Ti burden in the liver, spleen and
lungs up to 356 days after IV administration of TiO, NPs
to rats, with very low clearance rate observed until one year
after administration. Additionally, we describe for the first
time the in vivo uptake and clearance by BECs of TiO, NPs
after exposure. Furthermore, this is the first study reporting
the link between deregulation of BBB physiology and the
presence of TiO, NPs in distal organs. Upregulation of tight
junction proteins, modulation of P-gp mRNA expression
and persistent brain inflammation markers such as
IL-1B, IP-10 and CXCL1 were highlighted. Thus, re-
gardless of where the peripheral signal originates
from, our findings raise the question of circulating
biomarkers potentially released by organs accumulating Ti
to promote dysregulation of BBB physiology and neuroin-
flammation. Substantial research remains to be done to
identify such peripheral biomarkers. Our findings point
out for the first time that TiO, NPs can exert indirect ef-
fect on the CNS that seems dependent on the circulation.

Materials and methods
Chemicals
Human serum, bovine serum albumin (BSA), N-alpha-
tosyl-L-lysinyl-chloromethylketone (TLCK) and Lucifer
yellow (LY), Digoxin, Prazosin, Atenolol and Atenolol-
d7 were from Sigma Aldrich (Saint-Quentin Fallavier,
France). Collagenase/dispase and DNAse I were from
Roche Applied Science (Basel, Switzerland). Digoxien-d3
was from Artmolecule (Poitier, France).

All chemicals used for ICP-MS were of analytical
grade. Nitric acid was used to prepare 0.2 % HNOj3 (v/v)
with ultrapure water. All single element stock solutions
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Fig. 8 mRNA expression of transporters AbcbT (P-gp) and Abcg2 (BCRP) transporters in isolated brain microvasculature endothelial cells and BCRP
activity assessment at the BBB after IV injection of 1 mg/kg TiO, NPs in rats. mRNA transcription profiles for AbcbT (a; b) and Abcg? (c; d) were
performed by RT-qPCR in isolated rat brain microvasculature endothelial cells of control and treated animals. Each data point represents the mean +
SEM of n =4 animals and RT-qPCR was performed in duplicate for each single preparation of brain microvasculature endothelial cells. Statistical
comparison was performed by two tailed Mann-Whitney test, *P < 0.05. BCRP activity (e) was estimated by the ratio between prazosin concentrations
in brain and plasma (partition coefficient or Kp). Each data point represents the mean + SD of n =4 rats. Statistical comparison was performed by
two-way ANOVA, *P < 0.05

(1000 mg/L) were delivered by SCP Science and certi- concentration of 10 mg/L for each element was pre-
fied for purity and concentration. From these stock pared by putting 1 mL of each stock solution in a
solutions, a mixed working standard solution with a 100 mL measuring flask, adding 5 mL of purified
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(See figure on previous page.)

Fig. 9 mRNA expression of cytokines and chemokines in isolated brain microvasculature endothelial cells and parenchyma fraction after IV
injection of 1 mg/kg TiO, NPs in rats. mRNA transcription profiles for IL-13, IP-10 and CXCL1 in isolated rat brain microvasculature endothelial cells
and IL6 in parenchyma fractions of control and treated animals performed by RT-qPCR at 24 h (a) and 28 days (b) after IV injection. Each data
point represents the mean + SEM of n =4 animals and RT-gPCR were performed in duplicate for each single preparation of brain microvasculature
endothelial cells. Statistical comparison was performed by one tailed Mann Whitney test, *P < 0.05; ** P < 0.01

HNO; and diluting to 100 mL with ultrapure water
(MilliQ, Millipore, Germany).

TiO, nanoparticles

TiO, P25 NPs (Aeroxide® P25, 75 % anatase 25 % rutile,
Evonik®) were from Sigma Aldrich (Saint-Quentin Falla-
vier, France). For in vivo experiments, TiO, NPs were
suspended in sterile physiological salt solution at a stock
concentration of 1 mg/mL. No other treatment was per-
formed. A thorough characterization of NPs was con-
ducted through a panel of complementary techniques.
NPs were imaged by Transmission Electron Microscopy
(TEM) with a JEOL 1400 instrument (JEOL, Tokyo,
Japan) operating at 80 keV (Imagif platform, Gif-sur-
Yvette) and Scanning Electron Microscopy (SEM) (Carl
Zeiss, Ultra 55) equipped with an Energy Dispersive X-
ray spectrometer (EDX) allowing elemental analysis. For
both TEM and SEM analyses, samples were prepared as
follows: 3 pL droplet of the dispersion was cast on for-
mvar/ carbon-coated copper grids for 5 min. The
Brunauer-Emmett-Teller (BET) method (Micromeritics
FlowsorbII 2300) was applied to determine the specific
surface area (SSA) of the nanopowder and diameter was
calculated from the SSA value, as D=6 000/(p.SSA),
where D is BET diameter (nm), and p = 3.9 g.cm™? is the
density of anatase TiO,. The crystalline phases were
measured by X-Ray Diffraction (XRD) with a Siemens
D5000 instrument using the Cu-Ka radiation and using
the Match software (crystal impact). Hydrodynamic
diameter was measured by Dynamic Light Scattering
(DLS) using a ZetaSizer ZEN3600 (Malvern, Herenberg,
Germany) equipped with a 633 nm laser.

Animals and intravenous TiO, NPs administration
protocol

Male Fisher F344 rats (from Charles River Laboratories,
France), 8 weeks old and weight 180-250 g, were housed
in standard environmental conditions (room humidity and
temperature controlled 19 °C-23 °C; room under a 12 :
12 h light dark cycle) and maintained with free access to
water and standard laboratory diet. The control animals
were injected intravenously via the tail vein with 1 mL/kg
of sterile saline buffer and the treated animals were
injected with TiO, NPs suspension at the dose of 1 mg/kg.
TiO, NPs suspension was vortex for 5 min before admin-
istration. No other dispersion protocol was used to avoid

false positive results that would be due to inappropriate
handling of the dispersion protocol of NPs.

30 min, 1 h, 2 h, 6 h, 24 h, 7 days, 28 days, 90 days or
356 days after IV injection, animals were anesthetized with
isoflurane and euthanized. Additional time points at
5 min and 15 min was set up for brain and blood collec-
tion. Blood, liver, brain, spleen, kidneys and lungs were
collected and stored at —-80 °C until assayed. All proce-
dures were approved by the CEA Institute’s Animal Care
and Use Committee and conform to the Guide for the
Care and Use of Laboratory Animals published by the
European community’s council (directives 86/609/EEC,
November 24, 1986), and the French directives concerning
the use of laboratory animals (February 2013).

Sample Preparation and Ti analysis by ICP-MS

Tissues from 6 controls and 6 treated rats were used for
biodistribution studies. Tissues were thawed and about
0.1-0.3 g of each tissue was weighed, digested and ana-
lyzed for Ti content. Each sample was added to a 55 mL
microwave digestion vessel along with 8 mL of nitric
acid and 2 mL of hydrofluoric acid and digested using a
Microwave Assisted Reaction System (MARS) Express
instrument. The microwave digestion program was
15 min; 150 °C; 1200 W then 15 min; 180 °C; 1200 W
followed by 20 min cooling. After cooling, the sample
was rinsed 3 times using approximately 20 mL of 2 %
nitric acid solution in a polytetrafluoroethylene (PTFE
or Teflon) beaker. 2 mL of hydrogen peroxide was added
to each beaker to digest any remaining organic matter.
The beaker was then heated on a hot plate at 180 °C until
between 0.1 and 0.5 mL of solution remained. The beakers
were removed from the hot plate, allowed to cool and
rinsed 3 times with 2 % nitric acid solution into a 25 mL
volumetric flask before being stored for analysis. Samples
were refrigerated at —20 °C while not in use.

This digestion method was evaluated for the recovery
of a known amount of TiO, and the ability to digest or-
ganic material sufficiently for analysis. The method was
applied to a number of blank samples, containing only
the reagents and no sample, in order to measure the
amount of Ti contamination.

Analysis of Ti with ICP-MS
Ti standard solutions for ICP-MS calibration were pre-
pared at concentrations of 2, 4, 8, 10, 30, 50 and 100 ng/
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Fig. 10 Representative images of immunofluorescence expression of IL-1(3 in the cerebral parenchyma of (a) control rats, or tissues collected from rats
treated with 1 mg/kg TiO, (IV) at (b) 5 min; (c) 6 h; (d) 24 h; or (e) 28 days post-treatment. Arrows indicate sagittal suture (coronal cut, sections cut and
analyzed between rostral and caudal diencephalon). Graph in (f) shows analysis of relative fluorescence of overlay images + SD. *P < 0.050 compared
to controls

L, by diluting a 1 g/L Ti standard stock solution containing 25 pg/L of Ge was prepared by diluting a
(1.70363.0100, SCP Science) with 2 %v/v HNO; and 1000 mg/L internal standard stock solution (1.70320.0100,
0.01 % v/v Triton X-100. An internal standard solution, = Merck) with 2 % v/v HNOs. The internal standard (25 pg/
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Fig. 12 Schematic summary of the events and potential effects on BBB physiology in the case of bioaccumulation of TiO, NPs in organs. Exposure to

circulating mediators that maybe originate from organs bioaccumulating titanium leads to neurovascular inflammation. Overexpression of IL-13, CXCL1
and IP-10 may contribute to modification of brain endothelial cell physiology in terms of expression of tight junction proteins (occludin and claudin-5)
and ABC transporters (P-gp and BCRP). In parallel, key inflammatory markers for glial and endothelial cells interactions were upregulated

L Ge) was added in all samples and standards. Ti analysis
of acidified samples was carried out using a Varian 820-
MS. Samples in 2 % v/v HNO3 were directly analyzed with
the Varian-820-MS for Ti determination.

BBB permeability and P-Glycoprotein and BCRP transport
activity measurement

Four hours before sacrifice, 4 control and 4 treated rats
were subcutaneously implanted with mini-osmotic pumps
(Alzet model 2001D; DURECT Corp., Cupertino, Califor-
nia). Pumps were filled with atenolol, digoxin and prazosin
dissolved in PEG200/DMSO (50/50) to deliver at 0.25 mg/
kg/h, 0.5 mg/kg/h or 0.25 mg/kg/h rates, respectively. The
relevance of distribution study of atenolol, digoxin and
prazosin in plasma and brain for BBB integrity and trans-
port function assessment was previously demonstrated

[26, 29]. 6 h, 24 h, 7 d or 28 d after IV injection, animals
were anesthetized with isoflurane and euthanized. Plasma
samples and brain were collected and weighed immedi-
ately after death. The administered substrates were quan-
tified in the two compartments using mass spectrometry
coupled with liquid chromatography (LC/MS). BBB integ-
rity was estimated by the ratio of atenolol brain to plasma
concentration (Cppain and Cplasmas respectively). This ratio
is described by the partition coefficient (Kp).

Kp _ Cbrain

Cplasma

The P-gp and BCRP transport activities were esti-
mated by means of the digoxin and prazosin Kp,
respectively.
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LC/MS assay for digoxin, prazosin and atenolol
quantification

Brains were mixed in ultrapure water (2 mL/g of tissue)
using an Ultraturrax T65 system (IKA-Werke, Staufen,
Germany). Extract suspensions (400 pL) were submitted
to protein precipitation with 1 mL of methanol previ-
ously spiked with internal standard (digoxin-d3 and
atenolol-d7 4 pg/mL). After centrifugation (20000 g;
15 min; 4 °C) the supernatant was dried under nitrogen
at 40 °C. The dried extracts were resuspended in 1 mL
0.75 M NH,OH / methanol (80:20 v/v). Plasma (150 pL)
was diluted with 150 pL of 0.75 M NH4,OH / methanol
(80:20 v/v) previously spiked with internal standard. Both
brain and plasma extracts were submitted to solid-liquid
extraction on isolute SLE+ columns 1 or 6 mL (Biotage).
The two eluates (3 mL of dichloromethane/isopropanol
(70:30 v/v) then 3 mL of dichloromethane/isopropanol
(70:30 v/v) + 0.2 % formic acid) were pooled and evapo-
rated to dryness. The dry extracts were resuspend in
200 pL of 5 mM ammonium acetate/methanol (95:5 v/
v). Chromatography was performed using a Shimadzu
HPLC system LC 20 AD on a Kinetex C18 column (Phe-
nomenex). The total run time was 5 min and the flow
rate was 0.4 mL/min. Analyte (20 pL) was injected onto
the column placed in an oven at 40 °C.

Detection was done by tandem mass spectrometry
(Finnigan TSQ Quantum Discovery with Xcalibur and
LC Quan softwares, Thermo) in positive electrospray
mode. Tuning parameters were: capillary voltage 3 kV,
source temperature 200 °C. The multiple reaction moni-
toring transitions for analytes were as follows: m/z di-
goxin 798.5>651.4, m/z prazosin 384.19 >247.14, m/z
atenolol 267.18 >145.1. Analytes were quantified by
means of calibration curves using digoxin-d3 or
atenolol-d7 as internal standard. For plasma and brain
extract assay, calibration ranges were from 1.0 to
200 ng/mL.

Isolation of brain microvasculature endothelial cells

Rat brain capillaries were isolated as described previ-
ously [26, 55]. 6 rats from three relevant time groups
(5 min; 2 h and 28 days) were used. Brains were ex-
tracted and stored in Hanks balanced salt solution
(HBSS) supplemented with 1 % (v/v) PSN on ice. The re-
mainder of the isolation took place under aseptic condi-
tions. The brains were cut sagittally into two halves and
the cerebral cortices emptied of white matter. The men-
inges and the associated vessels were cleaned off by roll-
ing on Whatman 3 mm chromatography paper. The
homogenized tissue was pelleted by centrifugation at
1500 rpm for 5 min. The pellet containing the microves-
sels was digested in HBSS-1 % PSN solution, 1 mg/mL
collagenase/dispase, 10 U/pL DNase-I, and 1 pg/mL
TLCK for 1 h at 37 °C. Digested tissue was then pelleted
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by centrifugation at 1500 rpm for 5 min at 4 °C. To re-
move myelin, the pellet was resuspended in 20 % (w/v)
BSA in HBSS-1 % PSN solution and centrifuged at
2800 rpm for 30 min. The resulting floating white mat-
ter corresponding to the brain parenchyma fraction and
centrifugation medium were removed -carefully. The
microvessel pellets were washed then frozen at —80 °C.
The remaining parenchyma fraction was resuspended in
centrifugation medium then half-dissolved in HBSS-1 %
PSN solution and pelleted by centrifugation at 1500 rpm
for 15 min. The brain parenchyma pellet was then
washed several times before being frozen at -80 °C.

Cell culture

Rat primary BECs and glial cells were isolated and cul-
tured as previously described [26]. Briefly, for BECs,
brain tissues were digested enzymatically (1 g/L collage-
nase/dispase, 20 U/mL DNAse I, 0.147 mg/L TCLK in
HBSS, 1 h at 37 °C). A 20 % BSA gradient was used for
isolation of capillaries. After a second enzymatic diges-
tion, cells were plated in 75 c¢m? coated culture flasks in
EBM medium completed by the EGM-2 MV Single-
Quots kit (Lonza, Basel, Switzerland). Cultures were
maintained at 37 °C in a humidified 5 % CO, atmos-
phere for 5-6 days before being trypsinized and frozen.

BBB cell-based model

For BBB modeling, glial cells were seeded at a density of
5700 cells/cm® on transwell plates in a glial-specific
basal medium as previously reported [26]. BECs were
plated on the upper side of a coated polyester transwell
membrane (pore size 0.4 mm, Costar, Dutscher sa,
Brumath, France) at a density of 71400 cells/cm? in a
BEC-specific medium. Microplates were then incubated
at 37 °C in a humidified 5 % CO, atmosphere for 5 to
7 days before treatment. Upper and lower chambers will
be referred to as apical and basal compartments, re-
spectively, throughout this manuscript. 4 sera from con-
trols and 4 sera from treated animals were tested. Each
collected serum from controls and treated animals were
diluted at 1/16 in the BEC medium. BECs were exposed
to diluted rat serum in the apical compartment for 24 h.
Transport experiments were performed in six wells for
each serum.

Transport experiments

After exposure to sera, exposure medium were removed
then transwells with BECs were transferred to new
plates. 0.5 and 1.5 mL of transfer buffer (150 mM NaCl,
52 mM KCl, 22 mM CaCl,, 0.2 mM MgCl,, 6 mM
NaHCOg3;, 2.8 mM glucose and 5 mM Hepes) was added
to the apical and basolateral compartments or donor
and acceptor chambers, respectively. Lucifer yellow (LY)
was added to the donor chamber to a final concentration
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of 0.1 mM and, after 30 min, aliquots from acceptor
and donor chambers were collected for determination
of tracer concentration by fluorescence counting. The
apparent permeability (P,,,) value for LY was calcu-
lated as follows:

Pypp = dQ = dT x A x G

where dQ/dT is the amount of LY transported per
time-point, A is the membrane surface area and C, the
initial donor concentration. The mass balance (R) was
calculated as:

R(%) = 100 x [(A + D)/Dy]

where A and D are the amounts of LY in the acceptor
and donor chambers and Dy is the amount introduced
at t: 0. Mass balances of LY were between 80 and 120 %.
As LY permeability values on the order of 10™® cm/s
were obtained previously in various in vitro BBB models
[33, 56—58] , we considered that beyond 5.107° cm/s the
monolayer is disrupted.

Transcription profiling

RNA was isolated from rat BECs, brain parenchyma
fraction or cells isolated from the BBB in vitro model
using the RNeasy plus universal tissue minikit or the
RNeasy Mini kit, respectively (Qiagen, France), accord-
ing to the manufacturer’s instructions. The concentra-
tion and purity of the RNA samples were assessed
spectrophotometrically at 260 and 280 nm using the
NanoDrop ND-1000 instrument (NanoDrop Technolo-
gies, Wilmington, DE, USA). The A260/280 ratio ranged
between 1.8 and 2.

A sample of 0.5 pg of total RNA was converted to
c¢DNA with random primers in a total of 10 pL using an
RT2 first stand kit (Qiagen, France). The ¢cDNA was
diluted with DNA/RNAse-free distilled water to a vol-
ume of 110 pL.

The quantitative expression of various cytokines, che-
mokines, transporters and structural proteins was deter-
mined using 0.4 pM c¢DNA for each primer set in the
RT2 Pathway Focus profiler array from Qiagen. The RT2
Profiler array consists of a previously validated qRT-PCR
primer set (1 pL) for relevant cytokines, chemokines: Il-
1B, CXCL1 and IP-10; tight junction proteins: Cldn5 and
Ocln; ABC transporters: Abcbl and Abcg2 and house-
keeping genes (Hprt, GAPDH). Thermocycling was car-
ried out in a CFX96 real-time PCR detection system
(Bio-Rad) using SYBR green fluorescence detection. The
final reaction mixture contained 2 pL of diluted cDNA,
1 pL of one of the specific primer, 12.5 uL of distilled
water and 9.5 uL of SYBR green master mix. The spe-
cific amplification conditions were 2 min at 50 °C,
10 min at 95 °C followed by 40 amplification cycles at
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95 °C for 0.5 min, and 60 °C for 1 min to reinitialize the
cycle again. The specificity of each reaction was also
assessed by melting curve analysis to ensure the pres-
ence of only one product. Relative gene expression
values were calculated as 272", where ACT is the differ-
ence between the amplification curve (CT) values for
genes of interest and housekeeping genes (hypoxanthine
guanine phosphoryltransferase or Hprt; glyceraldehyde
phosphodehydrogenase or GAPDH). If the CT was
higher than 35, we considered the expression level too
low to be applicable.

Immunofluorescence

Brain sections embedded in OCT and cut on a cryostat
(10 pm) were prepared for either occludin or claudin-5,
and von Willebrand factor (vWF) double immunofluor-
escence, or IL-1B. Brain sections were air-dried for
30 min and fixed in ice-cold acetone for 30 min and
then rinsed in PBS. Sections were then incubated with
3 % BSA for 60 min at RT, rinsed in PBS, and incubated
with 150 pL per section of the appropriate primary anti-
body (occludin: 1:1000, Abcam, Cambridge, MA; clauin-
5: 1:100, Invitrogen/Life Technologies, Carlbad, CA) and
an FITC-tagged vWF (1:1000 dilution, Abcam) or IL-1f
(1:1000, Abcam) alone; diluted in wash buffer [1 part
5 % blocking solution (0.5 mL normal rabbit serum in
10 mL 3 % w/v bovine serum albumin) and 4 parts
phosphate-buffered saline (PBS)] for 1 h at room
temperature (RT) and then rinsed 3 times with PBS. The
slides were incubated in 150 pL per section of the ap-
propriate secondary antibody with either Alexa Fluor
555 or Alexa Fluor 546 (1:1000 dilution, Vector Labora-
tories, Biovalley, Marne la Vallée, France) in the dark for
1 h at RT. Slides were rinsed 3 times in PBS and subse-
quently incubated with Hoechst nuclear stain (1 pL/mL;
150 pL/section) for one minute, rinsed again then cover-
slipped with Aqueous Gel Mount (TBS, Fisher Scientific,
Waltham, MA). Slides were imaged by fluorescence
microscopy at 10x and 40x, using the appropriate excita-
tion/emission filters, digitally recorded, and analyzed by
image densitometry using Image ] software (NIH). A
minimum of 3 locations on each section (2 sections per
slide), 3 slides and n =3 per group were processed/ana-
lyzed. Only vessels >50 pm were used for analysis.

Statistical Analysis

Analyses were performed using the Prism 5.1 program
(GraphPad Software, Inc, San Diego CA). Statistical
comparisons conducted herein were accomplished using
variance analysis (two-way ANOVA) two determinants
being time and treatment for organs Ti distribution
followed by the Bonferroni post test. mRNA expression
of cytokines and chemokines were analyzed using one
tailed Mann-Whitney test and two tailed Man Whitney
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test for other mRNA expressions (tight junctions pro-
teins and transporters). Immunofluorescence end points
were analyzed using one-way ANOVA between treat-
ment groups followed by the Holm-Sidak post hoc test
(SigmaPlot SyStat Software Inc, San Joes, CA) and data
were expressed as mean + SD. Changes were considered
statistically significant at P < 0.05.

Additional files

Additional file 1: BBB integrity assessment after IV injection of

10 mg/kg TiO, NPs in rats. BBB integrity was estimated by the ratio
between atenolol concentrations in brain and plasma (partition coefficient
or Kp). Each data point represents the mean + SD of n = 8 rats. Statistical
comparison was performed by two tailed Mann-Whitney test, * P < 0.05.
(TIFF 4945 kb)

Additional file 2: Effect of 24 h TiO,NPs exposure on BEC
epithelium integrity. TiO, NPs concentrations from 0 to 100 pg/mL
were applied to the apical pole of the in vitro BBB model for 24 h. Data
are apparent permeability coefficient of sucrose. Each data point represents
the mean + SD of at least 2 experiments. The horizontal dotted line
represents the usual limit value of 83 10°° cm.s™ beyond which the BEC
monolayer is considered to be disrupted. The blue zone represents sucrose
apparent permeability coefficient for the controls (Mean + SD). (TIFF 61 kb)
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Additional file 1:
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BBB integrity assessment after IV injection of 10 mg/kg TiO; NPs in rats. BBB integrity was
estimated by the ratio between atenolol concentrations in brain and plasma (partition coefficient or Kp).

Each data point represents the mean + SD of n= 8 rats. Statistical comparison was performed by two
tailed Mann-Whitney test, * P <0.05.

Additional file 2:
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Effect of 24 h TiO ; NPs exposure on BEC epithelium integrity. TiO, NPs concentrations from 0 to
100 pg/mL were applied to the apical pole of the in vitro BBB model for 24 h. Data are apparent permeability
coefficient of sucrose. Each data point represents the mean + SD of at least 2 experiments. The horizontal dotted
line represents the usual limit value of 8.3 10°° cm.s™! beyond which the BEC monolayer is considered to be
disrupted. The blue zone represents sucrose apparent permeability coefficient for the controls (Mean + SD).
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Part II: inhalation exposure study

1. Distribution description
1.1. Context and introduction

Inhalation is one of the major routes for TiO> NPs to gain access into the human
organism especially in occupational settings. Indeed, in the workplace NP aerosol are easily
generated during production or handling. Thus beside dermal contact, inhalation appears as a
very important route of exposure to NPs.

The consequences of pulmonary exposure to TiO> nano-aerosol have been described by
multiple in vivo studies (see background part I1.). But even if translocation of other inorganics
NPs was demonstrated in vivo, data on absorption after inhalation exposure to TiO2 NPs
remains scarce.

Because age is the greatest risk factor for neurodegenerative diseases and has been
suggesting as an aggravating risk factor in response to the particulate air pollution, we focused
our study on the CNS potential adverse effect of TiO2 NPs exposure on young adults and aging
rats.

We have implemented a protocol of sub-acute exposure to TiO> nano-aerosol. NPs
powders and nano-aerosols have been characterized in term of concentration and aggregation
state. The characteristics of the aerosol were followed in real time throughout the duration of
the experiment in order to ensure a constant and reproducible exposure. Young adults and aging
animals were exposed over periods of six hours a day, five days a week for four weeks. Control
animals inhaled filtered air. At the end of this period of exposure, the main organs and tissues
were collected at various time points for ICP-MS titanium assay in order to describe the
biodistribution up to 180 days after the end of exposure. Given the advanced age of the animals
in the elderly group, the study had to be limited to 90 days after exposure because of animal
well-being concerns. A distribution in extra-pulmonary organs was investigated with particular
attention paid to the cerebral TiO2 NPs distribution.
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1.2. Major findings and Discussion

After subacute inhalation of TiO, NPs aerosol, the ICP-MS analysis of major organs
and tissues revealed a biopersistence of titanium in lungs and a slow clearance over time. In
term of lungs burden, no major age related differences was noticed.

It is important to note that we measured very high variations in titanium tissue concentrations
in the exposed groups suggesting differences level of responses between animals. Indeed the
variance homogeneity problems did not allow us to apply parametric tests directly. The Box
Cox transformation applied on the variable “titanium tissue concentration” homogenizes the
variances. Statistical analyzes by two way ANOVA test after Box Cox transformation
highlighted an exposure effect in spleen and liver tissue in both age groups. After Bonferroni
correction, there is a difference in spleen titanium concentration between exposed and controls
animals from 28 days in young adult rats and 90 days in elderly rats. Translocation and
biopersistence in spleen and liver is in accordance with the biodistribution described after IV
administration. Indeed, liver and spleen appeared as major bioaccumulating organs after blood
distribution. Even if the follow up period was limited here to 180 days for young adults group
and 90 days for elderly group, a long term biopersistence is suggested.

Several hypotheses of translocation pathways can be formulated from these observations and
are summarized in Figure 32.

Lymphatic drainage

Lung macrophages

e T LYMPH NODES
T v ‘
BLOOD
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Figure 34: translocation to extra-pulmonary pathways hypothesis.
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Comparing both age groups, several differences in biodistribution profile were noticed: 1) a
delayed significant translocation of titanium in extra-pulmonary organs, 2) greater inter-
individual variability and 3) higher amount of titanium recovered in extra-pulmonary organs.

Concerning the brain distribution, two translocation hypotheses were made (Figure 33) and the
analyses in total brain, didn’t evidenced CNS translocation of TiO2 NPs partly rejecting both
hypothesis:

1) Passage through the BBB in the case of a blood distribution. Given the low concentrations
found in the extrapulmonary organs, it is not surprising that we did not found titanium here.
Indeed, cerebral distribution after IV injection showed that the distribution to the brain was very
low (6 hours after administration, about 0.1% of the dose administered was recovered in the
total brain).

2) Translocation by the olfactory nerve from the nasal mucosa to directly reach the olfactory
bulb before distribution to other brain areas. Several studies from the same research team had
after nasal instillation in mice demonstrated this route of entry into the CNS % ?33, They
described a titanium concentration in the olfactory bulb and hippocampus. Assays in different
brain areas have not been achieved because of the limited amount of tissue for the ICP-MS
method used. We have measured that titanium in the total brain and a very low concentration
in small areas of the brain such as the olfactory bulb and the hippocampus may go unnoticed.
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olfactory blood —
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C———/1 offactory . copyical lymph
lymphatic vessels e —
INHALATION ~ GENERAL
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Figure 35: Entry pathways to the CNS after inhalation exposure.
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The lack of detectable brain translocation does not mean the absence of neurotoxicity and
adverse effect on the BBB physiology. After IV administration, we found indirect effects on
the BBB at late time points affecting the tight junction proteins expressions and transport
functions associated with brain inflammation. This was observed when no titanium was
detectable in the brain. Therefore, the kinetics evidenced after subacute inhalation exposure
with biopersistence in the lungs, spleen and liver could induce BBB dysregulation and brain
effect such as brain inflammation. Moreover, potential trace of titanium in the olfactory bulbs
that we weren’t able to detect may induce local inflammatory response and promote generalized
neuro-toxicity.
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1.3. Article 2: Biopersistence and Translocation to Extrapulmonary
Organs of Titanium Dioxide Nanoparticles after Subacute Inhalation
Exposure to Aerosol in Adult and Elderly Rats.

Submitted to Nanotoxicology on 2016/02/26
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Abstract

The increasing uses of nanoparticles (NPs) have raised concern about their impact on health.
Since aging and exposure to environmental factors are linked to the risk for developing
diseases, we address the question of TiO, NPs biodistribution in the context of a realistic
environmental exposure. We report biodistribution in healthy young adults (12-13-week-old)
and in aged rats (19-month-old) after subacute air-born exposure to 10 mg/m?3 of a TiO2 nano-
aerosol. The TiO; nano-aerosol was characterized all along inhalation experiment: 2 periods
of 3 hr / day, 5 days / week for 4 weeks. We followed up Ti content in major organs using
inductively coupled plasma mass spectrometry. Titanium were initially found in the lung and
slowly cleared during the follow-up period. From day 28, a small amount of Ti was found in
the spleen and liver of young adults exposed rats. Ti was never found in blood, kidneys nor
brain. In the elderly group, translocation to extra-pulmonary organs was significant from day
90. Tirecovered in spleen and liver of elderly exposed rats was higher than in exposed young
adults. These data suggest that TiO, NPs are able to translocate from the lung to extra-

pulmonary organs and could promote systemic side effect.

Key words: titanium dioxide; nanoparticles aerosol; inhalation exposure; biodistribution
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Introduction

Due to their remarkable properties, nanoparticles (NPs) are currently used in a large array of
applications, from electronics to medicine, and thus introduced in a growing number of
commercial products. According to the project on emerging nanotechnologies, the number of
nanotechnology-based products increased nearly thirty times from 2005 to 2015, reaching a
total of 1,814 items produced by companies located in 32 countries (Vance et al., 2015).
Titanium dioxide NPs (TiO2 NPs), the second most widely used NPs, are present in a tenth of
the abovementioned manufactured products (Chen and Mao, 2007), including cosmetics and
food products. Until recently, TiO, was considered inert, but the International Agency for
Research in Cancer (IARC) has recently classified TiO2 NPs as a possible carcinogen (group 2B)
for humans (Baan, 2007). The reason for this re-classification arises from a study reporting
that high concentrations of ultrafine (<100 nm) TiO; dusts are associated with cancer of the
respiratory tract in exposed rats (Dankovic et al., 2007). Recent in vivo studies also introduced
the concept that repeated inhalation of TiO, nano-aerosol, both in the workplace and as a
consumer, may cause extrapulmonary adverse health effects (Christensen et al., 2011, Baisch
et al., 2014, Landsiedel et al., 2014). Due to their small size, NPs may present a different bio-
kinetic profile compared to bulk material. Consequently, in a case of a facilitated absorption
or/and slower elimination of NPs, the potential risk upon exposure is expected to be
increased. It is supported by several inhalation studies in rodents showing the distribution of
various types of NPs to various organs outside of the pulmonary system, including the liver,
spleen, heart and brain. For example, Takenaka et al. report that after a 6-hour inhalation
exposure to silver NPs (4-10 nm), a small amount of particles was recovered from the liver,
spleen, brain, heart, and blood of rats 30 minutes after inhalation (Takenaka et al., 2001);
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Braakhuis et al. highlighted distribution of silver to the liver from 24 hours after the end of a
4-day inhalation period to silver NPs (15nm) (Braakhuis et al., 2014); Yu et al. observed gold
NPs after 15 days of recovery in the heart, liver, pancreas, spleen, kidney, brain and testis in
rats exposed to gold NPs by inhalation during 5 days (majority with a size <35 nm)(Yu et al.,
2007); Geraets et al. highlighted translocation to extrapulmonary organs of cerium oxide NPs
(5-10 nm) observed 6 hours after the end of a 28 days exposure (Geraets et al., 2012). In these
reported studies, the translocation to extra-pulmonary organs was described after a short
recovery period. Furthermore, two separate studies reported long-term NP biokinetics in
secondary target organs over six months after a single short-term inhalation of iridium NPs
(15-20 nm)(Kreyling et al., 2002, Kreyling et al., 2009). Taken together, these findings suggest
that inhalation of various types of NPs can result in their translocation across the lung air-
blood barrier. As for TiO,, some authors did not observe any translocation to extrapulmonary
organs (Ma-Hock et al., 2009, van Ravenzwaay et al., 2009, Landsiedel et al., 2014) even
though few studies have shown such translocation after intratracheal or intranasal instillation
to rodents (Shinohara et al., 2014, Zhang et al., 2013, Shinohara N, 2015, Husain et al., 2015).
Such discrepancy can be due to the differences in NPs physical properties (for example size),
doses and exposure route. Moreover, in the studies by Ma Hock et al., Van Ravenzwaay et al.
and Landsiedel et al., the recovery period was limited to 16, 14 or 21 days and analyses were
conducted in only 3 rats per groups. Observations on possible translocation to extra-
pulmonary organs after inhalation therefore warrant further research taking into account long

term bio-kinetics in secondary organs. This is one of our main objective.

Besides, the nano-toxic effects on susceptible populations (such as pregnant, neonate,

diseased, and aged populations) have been mostly ignored (Yang et al., 2014). And yet, Chen

129



Results and discussion

et al. observed age-dependent pulmonary inflammation, cardiovascular injuries, and serum
biomarkers after exposure of old (20 months), adult (8 weeks) and young (3 weeks) rats to
SiO2 NPs by inhalation for a period of 4 weeks (24.1 mg/m?3 40 min/day)(Chen et al., 2008).
Their toxicity was higher in old rats than in younger age groups. Such results emphasize both
the differences in response to inhaled NPs in normal and susceptible populations, as well as a
need for further research to elucidate alterations of pathways involved in these age-related
responses. In this context, the present study is the first designed to determine the biokinetics
of TiO2 NPs after subacute nose-only inhalation exposure of elderly rats in comparison to adult
rats. To accomplish this aim, both elderly (19-month-old) and healthy young adult (12-13-
week-old) Fisher F344 rats were exposed to either 10 mg/m?3 TiO, nano-aerosol (2 periods of
3 hours a day, 5 days a week for 4 weeks) or filtered air. The chosen concentration of 10 mg/m?
corresponds to the 8 hours time-weighted average French OEL (Occupational Exposure Limit)
value for particles without known significant toxicity (INRS, 2012). The aerosol generation was
characterized throughout the inhalation period in order to ensure consistent and reproducible
exposure. At the end of the 28-day inhalation period, animals were held for a recovery period
of 3, 28, 90 and 180 days for adult rats. For elderly rats, it was shortened to 3, 28 and 90 days
because of their old age. At each time point (n=6-12 rats per time point), organs were collected
for titanium (Ti) analysis by inductively coupled plasma mass spectrometry (ICP-MS), as

described previously (Devoy et al. 2016; accepted paper).
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Methods

TiO2 NPs

TiO2 P25 NPs (Aeroxide® P25, 75% anatase 25% rutile, Evonik®) were from Sigma Aldrich

(Saint-Quentin Fallavier, France).

Animals

The animal experiments were performed according to European (Directive 2010/63/EC) and
French (Décret n°2013-118) legislations regarding the protection of animals used for scientific
purposes. The INRS animal facility has full accreditation (authorization n° D54-547-10) from
the French Ministry of Agriculture. This study was approved by the regional ethical committee

appointed by the Ministry of Higher Education and Research (Authorisation n°00692.01).

Male Fisher F344 rats (from Charles River Laboratories, France), 12-13 weeks old and weight
300-320 g referred as young adults and 19 months old , weight 400-425 g referred as aging
group (Sengupta, 2013), were housed in standard environmental conditions (room humidity
55+10% and temperature 2242 °C; room under a 12 : 12 hrs light-dark cycle) and maintained
with free access to water and standard laboratory diet. The aging rats were fed separately
with free access to A04 diet (Safe diet) from 1 month of age to 7 months then with A0O5 diet

(Safe diet) adapted to long term studies.

Generation and monitoring of TiO2> nano-aerosol

The inhalation system described previously (Cosnier et al, submited) is mainly composed of an
aerosol generation system and inhalation towers for nose-only exposure. Exposure capability

is around 100 rats: 50 NPs exposed rats (in 6 x 9 ports manifold) and 50 control rats (in 2 x 27
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ports manifold). Controls were exposed to filtered air. During the 6-hrs exposure, rats did not
have access to food or water. The system has been fully validated according to OECD
guidelines for chemicals testing.

The integrated control of the exposure conditions (airflow, temperature and relative humidity,
depression) is managed and recorded using dedicated software. Air entering the towers was
filtered and conditioned at a temperature of 22°C + 2°C and a humidity of 55 + 10 %. To
produce test aerosol of aggregates and agglomerates NPs, a dry power with rotating brush
generator (RBG) (RBG1000 PALAS) method has been chosen. Aerosol concentration was
adjusted with feed rate of the RBG operated at constant air flow rate.

The aerosol monitoring and the characterization is ensured by real time devices (condensation
particle counter, electrical low pressure impactor, aerodynamic particle sizer, scanning
mobility particle sizer spectrometer, optical light scattering dust monitor,) and off-line
analyses (gravimetric filter, particle size-distribution by cascade impactor, sampling for TEM
observations).

Mass concentrations were measured on the basis of gravimetric samplings taken twice to 4

times a day on 25 mm cassettes with GLA-5000 PVC filters (5 um pore size).

In vivo experimental design

One week before the beginning of the exposure period, rats were acclimated to the restraining
tubes following the daily scheme of experiment: 2 periods of 3 hrs exposure. Rats were then
exposed to filtered air for controls group or TiO2 nano-aerosol for the treated group during 2
periods of 3 hrs a day, 5 days/week for 4 weeks. 0, 3, 28, 90 or 180 days after the end of the

inhalation exposure period, animals were anesthetized with pentobarbital 200 mg/kg and
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euthanized. Blood, liver, brain, spleen, kidneys and lungs were collected and stored at —80 eC

until assayed.

Sample Preparation and Ti analysis by ICP-MS

Sample preparation and ICP-MS analysis has been previously described (Disdier et al., 2015).
Briefly, about 0.1-0.3 g of each sample was digested in 8 mL of concentrated nitric acid and 2
mL of concentrated hydrofluoric acid using a Microwave Assisted Reaction System (MARS)
Express instrument. After cooling, the sample was rinsed using 2% nitric acid solution in a
polytetrafluoroethylene (PTFE or Teflon) beaker. 2 mL of hydrogen peroxide was added to
digest any remaining organic matter. Beakers were then heated at 180 °C until between 0.1
and 0.5 mL of solution remained then allowed to cool and rinsed 3 times with 2% nitric acid
solution into a 25 mL volumetric flask before being stored for analysis. Ti standard solutions
for ICP-MS calibration were prepared at concentrations from 2 to 100 ng/L, by diluting 1 g/L
Ti standard stock solution (1.70363.0100, SCP Science) with 2% v/v HNO3 and 0.01% v/v Triton
X-100. The internal standard (25 pg/L Ge) was added in all samples and standards. Samples in
2% v/v HNOs were directly analyzed with the Varian-820-MS for Ti determination.

Statistical Analysis

Statistical analysis was performed using Stata 14 (StataCorp LP,TX ,USA) After Box cox
transformation on Ti concentration variable, statistical comparisons were accomplished using
two-way ANOVA (the two determinants being treatment and time) followed by Bonferroni

post-hoc test. Changes were considered statistically significant at p < 0.05.
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Results

Aerosol generation

The morphology and size of TiO2 NPs have been previously described (Disdier et al., 2015)
(spherical particle with primary size of 21.5 + 7.2 nm), as well as the methodologies for TiO;
nano-aerosol generation and characterization (Cosnier et al., submitted). The achieved
concentrations of TiO, nano-aerosol were consistently near the target concentration of 10
mg/m?3 and comparable between both inhalation campaigns: 10.17 £ 3.29 mg/m3 and 10.42 +
1.80 mg/m3 for the exposure of adult and elderly rats, respectively. These mass concentrations
correspond to a number concentration of 24,000 + 6400 particles/cm3. Particle size
distributions demonstrated a quasi monomodal aerosol in mass- and count-median
aerodynamic diameters are around 905 and 270 nm, respectively and the geometric standard

deviation of the distributions equal 2.2.

Biodistribution of TiO, NPs after subacute inhalation exposure

Ti burdens in exposed rat lungs from the young adult and elderly groups were significantly
higher than those of the corresponding control groups at each of the time points analyzed,
and decreased over time. At the end of the inhalation period, the Ti concentration in lung
tissue was 1.43 + 0.08 mg/g in the exposed group vs. 55.3 x10° + 8.1 x 10°® mg/g in the control
group for young adults, and 1.1 + 0.2 mg/g in the exposed group vs. 84.8 x10® + 20.0 x 10°®
mg/g in the control group for elderly rats (Figures 1a and 2a). As previously described, the
deposited fraction of Ti in the lung of young rats was 21.0 + 1.1% of the cumulative inhalable
dose of NPs whereas in elderly rats the deposited fraction was 17.7 + 3.3%. The deposited
fractions were calculated using the respiratory parameters described by Hsieh et al. (Hsieh et
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al., 1999). In exposed young adults, a decrease of Ti burden in lung tissue was observed
between 0 and 180 days after the end of the inhalation exposure period, suggesting a
clearance of particles. After 90 days of recovery, the mean lung burden in the exposed young
adult group corresponded to a 54% decrease of the lung burden at day 0 (mean Ti content in
lung being 2.09 mg/lung at day 0 and 0.95 mg/lung at day 90), suggesting a slow clearance
rate. The clearance observed in Ti lung burden in the elderly group was even slower. Indeed,
in elderly group after 90 days of recovery, the mean lung burden in exposed animals was 1.2
mg/lung compared to 2.19 mg/lung at day O thus corresponding to a decrease of
approximately 45%. However, no significant age-related difference in Ti lung burden from day

0 to day 90 was observed between the young adult and elderly exposed groups.

Ti analysis in other organs of exposed young adult rats indicated an increase in measurable
concentration in the spleen from day 28 to 180 (Figure 1c). The total amount of Tiin the spleen
at day 90 was 28.0 + 6.4 ng/g in the control group vs. 78.4 + 52.2 ng/g in the exposed group,
with an even further increase observed at day 180 (555.7 + 1089 ng/g). In the elderly group,
an increase of Ti concentration in the spleen was also observed significantly at day 90 (Ti in
the spleen at this time point was 35.4 +6.5 ng/g in the control group vs. 319.5+ 275.2 ng/g in
the exposed group) (Figure 2c). In both age groups, the impact of TiO2 NPs exposure on liver
Ti concentrations was also observed. It is worth noticing that even if intra-group variability is
greater, the amount of Ti detected in extra-pulmonary organs of exposed aged rats is much
higher than in the young adult group (319.5+ 275.2 ng/g in the TiO2-exposed elderly group vs.
78.4 +52.2 ng/g in the exposed young adults group). In addition, when exposed animals were
taken individually, a link between the levels of Ti in spleen and liver was observed. Indeed

when in a given animal a higher amount of Ti in the spleen was observed, the same trend was
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found in the liver. This may suggest some kind of heterogeneity between animals in the
translocation of NPs from the lung to secondary organs. There was no significant increase of
Ti measured in the kidneys of either the young adult or elderly TiO;-exposed groups,
compared with controls. Moreover, we provide evidence in a translatable occupational
exposure that there was no detectable Ti translocation into the brain of both young adult and

elderly TiOz-exposed rats, compared with controls (Figures 2f and 3f).

Discussion

In this study, we described the distribution of TiO; after subacute inhalation exposure in rats.
Animals were exposed to a well characterized nano-aerosol composed of agglomerated TiO;
NPs. A nano-aerosol is defined as a fluid nano-dispersion with gaseous matrix and at least one
liguid or solid nanophase including nano-objects (ISO). In our case, the nano-objects are
nanostructured agglomerates composed of TiO2 NPs of 21.5 nm. Aerosol found in workplace
resulting from nano-powder handling and processing are composed of agglomerates.
Therefore, the exposure conditions used in this study could be considered representative of
an occupational exposure scenario. Moreover, it is worth noticing that agglomerated NPs
present a greater surface reactivity than bulk material; this may promote their capabilities to

interact with biological system and their adverse effects (Oberdorster et al., 2005).

Titanium in major organs were assessed by ICP-MS. Major finding from this study are: (a)
biopersistence of titanium in lungs and a slow clearance over time. In term of lungs burden,
no major age related differences was noticed (b) late translocation to spleen and liver with an
age-difference profil (c) lack of translocated titanium recovered in brain. To our knowledge,

this study is the first to report uptake of TiO2 NPs in the lungs with a redistribution to the
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spleen and liver after sub-acute nose-only inhalation of TiO, nano-aerosol in elderly rats.
Regarding the slow pulmonary particle clearance, these results confirm for TiO, NPs what was
observed for metallic NPs. For example, Anderson et al. showed, for silver NPs, a significant
decrease in the amount of Ag in lung tissue 56 days post-exposure but 33% of the day-one
dose was still present (Anderson et al., 2015). Spleen was also depicted as the second most
accumulative organ for 13 nm gold NPs (Han et al., 2015). After a 5 day inhalation campaign
(6hr/day, 12.8+2.4 ug/m?3), and 28 days of recovery, gold content was found significantly
different between exposed and control animals only in lungs and spleen. In our previous study
dealing with intravenous administration and a one-year follow-up period after administration,
we showed that liver and spleen are key organs in TiO; NPs biodistribution and that the
clearance from liver and spleen was minimal (Disdier et al., 2015). This fact, combined with a
still high Ti lung burden at day 180 (approximately 30% of the initial lung burden remains at
180 days), suggests a long-term NPs accumulation potentially leading to alteration of
pulmonary functions, but also potential systemic impact. It has to be noticed that other
studies have reported varied results after short-term inhalation of TiO2 NPs. For example, in
studies where rats were exposed to a range of 2-50 mg/m? of TiO; nano-aerosol 6 hours/day
for 5 days (Ma-Hock et al., 2009, Landsiedel et al., 2014, van Ravenzwaay et al., 2009), no Ti
was observed in extrapulmonary organs after 14,16 or 21-day post-exposure recovery period.
Several reasons can be proposed to explain such a discrepancy. The rats from the
aforementioned studies received a relatively short-term exposure (5 days) compared to the
subacute exposure protocol used in our study (5 days/week for 4 weeks). Thus, for the same
exposure concentration (10 mg/m3), the cumulative inhalable dose in our system was four

times higher. Tissues were only analyzed at 14, 16 or 21 post-exposure days compared to the
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180 days post-exposure time point used in our study. Since we did not observe a significant
increase of Ti in the spleen until after 28 days, in the young adult TiO,-exposed group, their
recovery period may have been too short to detect the redistribution to these extra
pulmonary organs. Moreover, they designed their study with only 3 animals per tested group,
an insufficient number knowing that we noticed a heterogeneity between animals in the
translocation to extra pulmonary organs. Finally the difference between these studies and
ours may also be explained by the sensitivity of the ICP-MS method used (Devoy et al.; 2016
accepted paper). Altogether, the experimental design and the number of animals included in

our study allow to reassess previous conclusions.

The route by which TiO, NPs are transported to the extrapulmonary organs cannot be directly
determined from the results of this study. Given the low levels found in the extrapulmonary

organs, several hypotheses are plausible and are summarized in figure 3.

First, Ti clearance from the lungs can occur via mucociliary clearance and swallowing, ending
up in the gastrointestinal tract, this may be followed by an absorption across the intestinal
mucosa and a subsequent systemic distribution. Orally administered TiO2 NPs have previously
been shown to accumulate in both the liver and spleen, testifying of a possible transport
through the gastro-intestinal barrier (Wang et al., 2007, Cui et al., 2011, Brun et al., 2014,
Dorier et al., 2015, Sang et al., 2014). In vitro studies using an epithelial intestinal model, such
as Caco? cell lines, have also confirmed the ability of NPs to translocate across the intestinal
barrier, allowing them to reach the systemic circulation, as well as other tissues/organs
(Koeneman et al., 2010, Brun et al., 2014). Another route by which TiO, NPs may also be
distributed to other organs after inhalation is through macrophage-mediated transport.

Phagocytosis of TiO2 NPs by lung macrophages could lead to their migration to the lymphatic
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system and subsequently their possible release into the blood circulation. Indeed, alveolar
macrophages play a critical role in the respiratory system by phagocytizing foreign bodies
including NPs. After pulmonary exposure, several other studies have reported TiO2 NPs into
alveolar macrophages (Grassian et al., 2007, Geiser, 2002, Warheit et al., 2006, Silva et al.,
2013, Geiser et al., 2008, van Ravenzwaay et al., 2009). Furthermore, Ti was also found in
draining lymph nodes after a 5-day inhalation study (Ma-Hock et al., 2009, Landsiedel et al.,
2014, van Ravenzwaay et al., 2009) or 90-day sub-chronic inhalation exposure(Bermudez et
al., 2004), suggesting transportation via the lymphatic system. Finally, Ti present in organs
such as the spleen may have occurred due to translocation of NPs across the respiratory
membrane of the lung, where we observed clearance during the follow-up period. An in vitro
study on Calu-3 cells confirmed the ability of TiO2 NPs to cross the epithelia lung blood barrier
(George et al., 2015). In each of these possible mechanisms of NP translocation, there is a
transient passage via the blood circulation, even though we did not observed significantly
increased Ti in total blood from exposed vs. control animals in our study. The quantification
limit of Ti in the blood is however about 11.7 + 2.0 ng/mL. In this context, a very low blood

concentration of Ti cannot be ruled out.

A hot topic concerning NPs biodistribution is their translocation to the CNS. Except across the
blood brain barrier in case of blood distribution, there are two main direct routes of entry to
the brain after intranasal administration: the olfactory and the trigeminal pathways. These
paths connect directly the nasal mucosa and the brain (Lochhead et al., 2015) and thus bypass
the BBB. NPs can pass between the nasal epithelium through the intercellular spaces.
Additionally, there are also transcellular processes in which NPs can be transported across the

nasal epithelium by transcytosis. After crossing the epithelium, NPs can use nerve pathways
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to reach deep regions of the brain (Lochhead and Thorne, 2012).Lack of detectable titanium
in the brain observed in this study is in good agreement with our recently published paper
showing absence of brain parenchyma translocation after intravenous injection of TiO;
NPs(Disdier et al., 2015). In contrast, Wang et al. reported the presence of Ti in the olfactory
bulb, hippocampus, cerebral cortex, and the cerebellum after nasal instillation in a mouse
model (500 pg/mouse; TiO2 80 nm rutile; daily for 30 days)(Wang et al., 2008). The route of
exposure, the concentrations used combined with a high dose rate delivery may increase NP
translocation via the olfactory nerve pathway through non physiological mechanisms and may
explain the differences between both studies. These observations on possible direct
translocation of inhaled NPs to the brain warrant further research such as investigation on
brain functions to confirm or reject the hypothesis of NPs association with various brain
diseases. Despite the lack of aged-related difference in CNS distribution, we observed an
increased in BBB permeability and an exacerbated neuro-inflammation in the aging group
(data not shown). These observations underscore susceptibility for developing brain diseases

of the elderly population in response to inhaled NPs.

Conclusions

Overall, our study shows the lung uptake, clearance, and redistribution of Ti in young adults
and elderly rats after subacute inhalation exposure to TiO2 nano-aerosol with primary particle
size of 21.5 nm. After a 4-week inhalation period, TiO, NPs were observed to accumulate in
the lungs, with a gradual clearance rate over the time points measured. Due to the sensitivity
of the ICP-MS method used, a small amount of the applied dose was observed to translocate

into the spleen and liver between 28 to 180 post-exposure days. Observations made
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previously with the same TiO2 NPs after intravenous administration suggest a persistence of
these NPs in such extrapulmonary organs during at least one year (Disdier et al., 2015).
Comparison of biodistribution profiles between both ages revealed delay in translocation,
greater intra-animals variability but also higher amount of titanium in spleen and liver of the
elderly group. This redistribution of Ti highlights a need for future mechanistic studies to

elucidate the transport mechanisms involved, as well as potential systemic side effects.
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Figure 1: Tissue distribution of titanium after subacute TiO2 nano-aerosol exposure in young
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transformation on Ti concentration variable and Bonferroni post hoc test, *P <0.05; **P <0.01;

***p <0.001.
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Figure 2: Tissue distribution of titanium after sub-acute TiO. nano-aerosol exposure in

vulnerable elderly rats.

Titanium quantification in lungs (a); blood (b); spleen (c); liver (d); kidneys (e) and brain (f) of
exposed and control animals. Quantification by inductively coupled plasma mass
spectrometry (ICP-MS). Results represents the median of n = 6 to 8 animals. Statistical
comparison between treated and control groups was performed was by two way ANOVA after
Box-Cox transformation on Ti concentration variable and Bonferroni post hoc test, ***Pp
<0.001.
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Figure 3: Schematic summary of the distribution and potential way of translocation to extra-
pulmonary organs of inhaled TiO2 NPs.
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2. Impact on the central nervous system and the BBB physiology
2.1. Context and introduction

Studies after intratracheal or intranasal instillation in rodents demonstrated CNS adverse
effects but no data are available under representative environmental conditions. The
biodistribution study after subacute inhalation exposure to TiO> NPs aerosols showed titanium
biopersistence in lung tissue, spleen and liver. Despite lack of brain translocation evidence,
potential neurotoxic effects and impact on the BBB need to be considered. Indeed, undetectable
Ti trace in olfactory bulbs cannot be ruled out. Such trace in the olfactory bulbs may be
responsible for local effects but also mediated neurotoxicity. Furthermore, indirect effect
associated with circulating mediators secretion due to Ti biopersistence in peripheral organs
could have an impact on the BBB functions. Taken together, the barrier permeability and neuro-
inflammation parameters have therefore been investigated extensively in young adults and
aging rats after subacute inhalation exposure.

After subacute inhalation exposure, we investigated the same parameters of BBB
integrity than after IV administration using several methods: in vivo evaluation by studying
atenolol brain to plasma partition coefficient and evaluation of tight junction proteins
expressions by immunohistochemistry. The neuro-inflammation as well as systemic
inflammation was assessed by a multiplexed approach and immunohistochemistry.
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2.2. Major findings and discussion

Major findings highlighted impact of TiO> NPs subacute exposure by inhalation on BBB
permeability. The expression of claudin-5 protein expression is decrease in both age group.
This decrease of one major tight junction protein didn’t affect the low paracellular passage at
the BBB in exposed young adults. Unlike, in aging group, we observed an increased in the BBB
permeability characterized by the increased of atenolol Kp. These modulations were associated
with acute neuro-inflammation in both age groups. Several cytokines and chemokines were
over-expressed in brain cortexes of exposed animals. The response in term of BBB permeability
alteration and neuro-inflammation was exacerbated in aging brain. Since it is found that in a
barrier already structurally more permeable, a decrease in the expression of a tight junction
protein causes a worsening integrity loss, this exacerbated response in the aging brain confirms
the vulnerability status of the aging BBB.

The results indicate induction of brain inflammation in the absence of detectable translocation
of the titanium in the brain. This significant inflammation at late times points suggest 1) an
indirect mechanism due certainly to the circulating mediators or 2) direct interactions due to
undetectable titanium circulating in blood. We can note that research of pro-inflammatory
mediators in sera was performed by the multiplex method. We have targeted 11 pro-
inflammatory cytokines and chemokines (1113, IL6, EGF, MIP2, IFNy, MCPI1, IP10, VEGF,
Fractalkine, RANTES, TNFa) among which only 5 have been quantified in sera (MCP1, IP10,
VEGF, Fractalkine, RANTES). No overexpression of these pro-inflammatory cytokines was
evidenced in the blood of exposed rats (Figure 36).
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Figure 36: Detection of 5 inflammatory markers in young adults and aging rat sera after

subacute inhalation exposure to TiO2 nano-aerosol. Measure was done in sera collected 3 or 28 days
after the end of the inhalation exposure by multiplexing approach. Each data point represent one animal with
median of n =4 to 7 animals.

As in the IV study, we intended to use the in vitro BBB model to explore existence of circulating
mediators or trace titanium in the blood of exposed rats. The in vitro BBB model was exposed
to diluted plasmas collected 28 days after the end of the inhalation period from control and
exposed rats. At the end of the 24 hours exposure in the apical compartment, the permeability
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of BECs monolayer was figured out using “C sucrose or Lucifer yellow (LY). Exposure of the
in vitro cell based BBB model to plasmas did not affect the integrity of the cell monolayers.
Indeed, the apparent permeability for LY and '“C sucrose were under the integrity threshold
after exposure to young adult plasmas. These findings are consistent with in vivo observations.
However, exposure to aging rats’ plasmas did not reveal alteration in permeability in contrast
to in vivo observations. The use of a primary young adult cell based model may explain such
discrepancy. The development of an aging BBB in vitro model will shed light in this age related
differences in the TiO> NPs exposure response.
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Figure 37: Impact of exposure to plasma from exposed animals on the in vitro BBB model.
Plasmas collected from controls and exposed animals 28 days after the end of the inhalation period were applied
on the apical compartment for 24 hours. The endothelial cell monolayer integrity was check using '*C-sucrose

and/or lucifer yellow (LY). Each data point represent mean + SD of n = 6 samples; each sample representing a
pool of 3 or 6 culture wells.

The BECs and astrocytes composing the model were recovered for mRNA profiling by RT-
qPCR. After exposure to plasmas from aging exposed rats, we have observed a decrease of
expression of claudin 5 (P = 0.12) emphasize with in vivo observations (Figure 35b). Moreover,
after exposure to plasmas from both age group, we noticed a decrease in expression of INSR
(Figure 35d and h; P = 0.24 after exposure to young adults plasmas) suggesting potential
alteration of insulin metabolism at the BBB. It has been suggested that neurodegeneration might
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be a consequence of a dysfunctional insulin signaling in AD patients °. In astrocytes, we have
highlighted an increase IBA1 (ionized calcium-binding adapter molecule 1) mRNA expression
after exposure to young adults plasmas suggesting microglia activation (Figure 351) and thereby

potential cytokines/chemokines release.
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Figure 38:

Impact of exposure to plasma from aging and young adults exposed animals

on the in vitro BBB model. (a) schematic view of the model architecture. BECs were grown on a
semipermeable membrane whereas glial cells were seeded on the well bottom. mRNA expressions were quantified
by RT-qPCR after 24 hours exposure to plasmas from control and exposed rats. For BECs, expression of tight
junction protein claudin 5 (b and f), occludin (¢ and g) and INSR (e and h) are represented. For glial cells,
expressions of IBA 1 (e and i) is represented. Data represent a median of n=8 or 6 samples, each sample
representing the mRNA pool from 6 wells. RT-qPCR was performed in duplicate for each single sample. Statistical
comparison performed by two-tailed Student t test and one-tailed for claudin 5 after homogeneity of variance
confirmation by Hartley test; *P<0.05.
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2.3. Article 3: Brain Inflammation and Blood Brain Barrier dyfunction
after Sub acute Inhalation Exposure to Titanium Dioxide Nano-aerosol in
Aging Rats

Submitted to Particle and Fibre Toxicology on 2016/02/26
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Abstract

Background: Notwithstanding potential neurotoxicity of titanium dioxide nanoparticles (TiO2
NPs), the toxicokinetics and consequences on blood brain barrier (BBB) functions remain
poorly characterized. To improve risk assessment, we needed to evaluate the impact on BBB
under realistic environmental conditions and to take into account vulnerability status such as
age. Previous experiments highlighted that after a 4 wk inhalation period, TiO2 NPs were
observed to accumulate in the lungs and to translocate to extrapulmonary organs (spleen and
liver).

Methods: 12-13 week and 19-month-old male rats were exposed by inhalation to 10mg/m?3
of TiO2 nano-aerosol for 6 hr/day, 5 d/wk, for 4 wk. Resulting in vivo BBB permeability and
structural components were evaluated. The brain inflammatory profile was assessed by
multiplexing analysis and quantified/localized by immuno-fluorescence.

Results: Despite the lack of evidence of TiOz translocation to the central nervous system (CNS),
we noted an age-dependent modulation of BBB integrity parameters (increase of cerebral
concentrations of a paracellular marker associated with a decrease of tight junction proteins
expressions), suggesting increased BBB permeability in vulnerable aging rats. The TiO, NP-
mediated BBB permeability alteration was associated with a significant increase of
cytokines/chemokines in the brain, including interleukin-1pB, interferon-y, and fractalkine.
These observations, in absence of detectable titanium in the brain, may suggests an indirect

effect that may be mediated by signal transduction pathways initiated by circulating factors.

Conclusion: Despite the lack of CNS translocation, we observed an association between the
presence of TiO2 NPs in organs and the dysregulation of BBB physiology associated with neuro-

inflammation, which was further exacerbated in the brain of aged animals. Moreover,
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observations in term of BBB permeability and inflammation response in the brain underline

age susceptibility.

Introduction

Due to their remarkable properties, nanoparticles (NPs) could potentially be used in a large
array of applications, from electronics to medicine. Nanomaterials are currently being utilized
in the production or the manufacturing process of a number of commercial products . In
this context, there are increasing concerns regarding the potential adverse effects of NPs on
human health. Among the wide variety of nanomaterials, titanium dioxide NPs (TiO2 NPs) are
produced in a large industrial scale and can be found in commercial products such as paints,
food additives 2, cosmetics 3, and also environmental decontamination systems 4. Published
data from studies in rodents show that TiO2 NPs can enter the circulation from the respiratory
and the gastro-intestinal tract °1% and therefore translocation across the epithelial barriers
(nasal, bronchial, alveolar, gastro- intestinal) is observed. After inhalation exposure, there is
larger concern about translocation of NPs into the brain, either directly via the olfactory
pathway or indirectly across the blood brain barrier (BBB). Indeed, ambient air particles and
NPs have been previously demonstrated to translocate into the brain after inhalation, and
thus may potentially influence the central nervous system (CNS). For example, translocation
of 36 nm 13C particles was observed via the olfactory bulb of rats, most likely originating from
entry in the olfactory mucosa of the nose !. Brain translocation of gold NPs were also
observed in rat exposure models 2, and 15-20 nm iridium NPs could be detected in the rat
brain up to 6 months after inhalation exposure 1% 14, Despite these observations, the effects
of NPs on the CNS, have been studied to a limited extent. The few reports to date reveal

increased oxidative stress, activated inflammatory response, modulation of neurotransmitter
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levels in the brain, and impairment of spacial recognition associated with the presence of Tiin
the brain 2°?2, Moreover, recent evidence suggests that exposure to air pollution containing
fine particles can increase the risk of fatal stroke, cause cerebrovascular damage and
neuroinflammation that may trigger neurodegenerative diseases such as Alzheimer’s and
Parkinson’s diseases 2%, Altogether, these observations warrant further research to

investigate the potential effects of TiO2 NPs on cerebrovascular function.

If consequences of NP exposure on cerebrovascular functions are explored, aging must be
considered. Indeed, increased BBB permeability has been demonstrated in the aging brain, as
well as age-related elevations in inflammation, via redox imbalance, which could ultimately
result in a cytotoxic activation of glia cells and neurodegeneration 27-?°, Aging is likely a critical
vulnerability parameter to consider with NPs exposures, and thus warrants further

investigation.

We have previously reported Ti tissue distribution after subacute inhalation of a well
characterized TiO; nano-aerosol in adult and aging rats up to 180 days post-exposure, which
revealed evidence of TiO, NPs biopersistence in lung and translocation to extrapulmonary
organs such as liver and spleen but not to the brain (Gate et al., submitted). The observed
biokinetics raise the questions of the impact of TiO2 NPs on extrapulmonary organs, especially
on the CNS via interaction at the BBB. Hence to the two hypothesis for the current study:
inhalation exposure to TiO2 NPs inhalation could result in BBB permeability alteration and
subsequent brain inflammation, and aged rats could be more susceptible to CNS dysfunctions
following NP exposure. To investigate these hypothesis, both young adult (12-13 wks old) and
aged (19 mo old) rats were exposed to 10 mg/m? of TiO, nano-aerosol for 6 hr/d, 5 d/wk for

a period of 28 days. Resulting in vivo BBB permeability was evaluated with a marker of
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paracellular transport and brains were analyzed for neuroinflammation, after a recovery

period of 3 and 28 days.

Results and discussion

Our previous findings highlighted a lack of TiO, NPs in the brain after subacute inhalation (Gate
et al. submitted). In light of these observations, two possible mechanisms of TiO, NPs —
exposure impact on the CNS can be hypothesized: (1) Accumulation of titanium in the lungs
and/or extrapulmonary translocation of TiO2 NPs, as evidenced by quantification in the spleen
and liver, may result in either direct NP-interaction or initiation of signaling cascades at the
BBB; and/or (2) trace amounts of Ti were actually present in small concentration in regions of
the brain (such as olfactory bulbs) that we were not able to accurately quantify due to the
methodology used for this study. We have previously demonstrated that after intravenous
administration of TiO, NPs, the Ti biopersistence in peripheral organs was associated with
dysregulation of the BBB and neuroinflammation 3%, which suggests that either TiO, NPs are
acting on the BBB, directly, or mediating expression of a secondary factor or signaling cascade

at the BBB resulting in the observed alterations in barrier integrity.

BBB integrity assessment

The BBB is a physical barrier that limits the paracellular passage of xenobiotics in the brain.
This limitation is explained by the presence of protein junctions between neighboring brain
endothelial cells (BECs). To assess indirect effect of Ti on BBB integrity, the expression of tight
junction (TJ) protein Claudin 5, as well as the partition coefficient (Kp) of atenolol (a known

marker of paracellular transport across the BBB), were determined. Under normal
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physiological conditions, atenolol does not cross the BBB, and thus concentrations and
cerebral Kp should remain low. Conversely, an increase in cerebral Kp of atenolol suggests a
permeability alteration of the BBB, allowing for atenolol to cross into the brain and
accumulate. The average cerebral atenolol Kp in the young control rats was lower than that
observed in the aged control rat brains, attesting to the increase in BBB permeability with
aging (0.16 * 0.018 vs 0.028 + 0.0058, respectively) (Figure 1B and 1D). This age related

difference in BBB permeability emphasizes the structural alteration of the BBB with aging.

In the young adults group, cerebral atenolol concentrations (Figure 1A) and atenolol Kp (Figure
1B) between the control and exposed animals remained unchanged, suggesting a lack of BBB
permeability modulation. In contrast, results from the aged rat brains showed that atenolol
Kp remain unchanged at day 3, but significantly increased at day 28 post TiO, NPs-exposure
(Figure 1D; 0.23 + 0.054 in exposed vs 0.15 + 0.033 in controls). These facts suggest that TiO2
nano-aerosol exposure results in exacerbation of BBB integrity loss that is associated with age-

related alterations in BBB integrity.

To characterize more precisely the permeability modulations at the BBB level observed after
28 days of recovery, brains from controls and exposed animals were sampled and protein
expressions of TJ proteins were assessed by double-immunofluorescence. Expression of
claudin-5, one of the primary proteins expressed in TJ intercellular connections between
adjacent BECs that contribute to BBB structural integrity, was down-regulated at 28 days after
the end of the TiO; nano-aerosol inhalation period in both the young and aged rat brains,
compared to control animals (Figure 2E and 2F, and Figure 3E and 3F). The even further
decrease of TJ protein expression in the cerebrum of the TiO, NPs-exposed aged rat, compared

to that in the young rats, correlates with an increased alteration of BBB integrity
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(quantification graphs represented in Figures 2 and 3). Interestingly, the claudin-5 expression
decrease observed in the microvasculature of the young rat brains (Figure 2) was not
accompanied with an alteration of BBB permeability, as shown in Figure 1A and 1B. This
further underscores age-related baseline vulnerability and differences in response of the BBB
to TiO, NP exposure (or possibly other stressors). Moreover, other mechanisms involving for
example the other junction proteins regulating the BBB permeability, may occur at the barrier
level. For example severe decreases in occludin and/or zonula occludens expression that we

did not explore may explain increase permeability of the BBB in the aging brain.

Neuroinflammation assessment

BBB permeability alteration is a common response in the inflamed brain 3. Indeed, The BBB
integrity is affected by pro-inflammatory mediators (cytokines and chemokines)3? 32 33, These
mediators could initiate changes in permeability and adhesions properties of BECs that allow
immune cells to infiltrate the CNS. Inflammation within the CNS and BBB permeability
alterations has been associated with chronic neurodegenerative disease including Alzheimer's
diseases (AD), multiple sclerosis and Parkinson's disease 3#3°. Many of these changes have
been linked to alterations in BBB TJ. Moreover, we have previously described increased
cerebral neuroinflammation after TiO2 NPs i.v. administration to rats 3°. To determine whether
TiO2 NP exposure via inhalation results in neuroinflammation, phenomenon that can promote
increased BBB permeability, we quantified cytokines and chemokines in the serum, olfactory
bulbs, and cerebral tissues (cerebrum and cerebellum) from control and exposed rats of both
age groups. Interestingly, assays in the olfactory bulb homogenates did not reveal any
modulation in levels of inflammatory markers (data not shown). These results contradict the

observations of Wang et al. which showed a translocation of 80 or 150 nm TiO2 NPs associated
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with inflammation in the olfactory bulb level after nasal instillation in mice 1> 16, Apart from
different sizes of NPs, the dose of 500 pg of TiO2 suspension up to 15 times per mouse might
have overestimated translocation of NPs via nerves pathways. Indeed, after nasal instillation
of 65,3 ug, 653,8 ug or 1,3 mg during 10 days per rat of our NPs we didn’t recover titanium in
olfactory bulbs of exposed rats 24 hours after instillation (data not shown). Altogether, our
observations in the olfactory bulb after nasal instillation and subacute inhalation exposure

suggest that it is unlikely that TiO2 NPs can gain access to the CNS via the olfactory pathway.

In both age groups, we noted a significant increase in the expression of several pro-
inflammatory cytokines and chemokines in the cerebral tissues extracts (Figure 4).
Interleukin- -1B (IL-1B) was found to be significantly upregulated 28 days after the end of the
inhalation exposure in both age groups. Furthermore, the increase in IL-13 expression in the
cerebrum of TiO; exposed animals (both young and aged), compared to controls, was
confirmed by immunofluorescence staining (Figures 5 and 6). In particular, we observed an
increase in IL-1P localization in the midbrain (Figure 5B and 5D) and forebrain (Figure 6B and
6D) in TiO2 exposed brains compared to the respective age-matched controls (Figures 5A and
5B and Figures 6A and 6B). IL-1B is a key mediator of neuroinflammation, particularly in the
context of neurodegenerative diseases such as AD or Parkinson’s disease “°. Both aging and
inflammation in the brain are also known to mediate memory deficits via IL-1B 4> 2. Our
results show that in aged rat brains, TiO2 nano-aerosol exposure results in an even further

increase in IL-1B expression than in young rat brains.

We also observed an increase in VEGF (Vascular Endothelial Growth Factor) and fractalkine at
28 days post-inhalation in both age groups. VEGF is a factor that is responsible for regulating

microvascular permeability to blood plasma proteins 43, amongst other functions. Therefore,
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the reported increase BBB permeability in the aged group may be due in part to the increased
expression of VEGF. Fractalkine, which is expressed on the surface of endothelial cells,
regulates trafficking and adhesion of immune cells at endothelium #4. As a soluble chemokine,
it acts as a chemoattractant for T cells and monocytes, and promotes leukocytes adhesion.
Increased IFNy (Interferon-gamma), IP-10 (IFN-gamma-inducible protein 10) at 3 days and
RANTES (Regulated on Activation, Normal T cell Expressed and Secreted) at 28 days after the
end of the inhalation period in young adults group brains underscores the inflamed
environment in the brain of exposed animals #°. In aging group, the increase in IFNy expression
was only significant at the 28 day-post exposure time point, suggesting a delay in the brain
inflammatory response. Altogether, up-regulation of cytokines/chemokines and adhesion
molecules in the brain of TiO, NP-exposed rats suggest infiltration of immune cells in the brain.
Importantly, this inflammatory process occurs in the brain in the absence of detectable Ti
accumulation. Additionally, as there was no expression of these pro-inflammatory markers
present in the olfactory bulbs, the neuroinflammatory response observed in the cerebral
tissue suggest involvement of TiO2 NP (or another circulating factor) mediating expression of
these makers of inflammation via signaling at the BBB. This premise is further confirmed
through a similar induction of cerebral inflammation following i.v. administration of the same
TiO2 NPs to rats®0. Cytokine and chemokine concentrations were also assessed in the serum
from controls and treated rats in both age groups. Among the 11 cytokines and chemokines
targeted, we were able to quanty only 5 analytes. These non-exhaustive assays did not
demonstrate the upregulation of pro-inflammatory markers in the blood of exposed animals
(data not shown). Even though an exposure-mediated induction of a systemic pro-

inflammatory factor cannot be conclusively be ruled out, it is plausible that other biological
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circulating mediators, such as lipids or other metabolites, may be mediating the response at

the BBB and thus warrants further investigations.

Multiple previous studies have demonstrated an increased secretion of pro-inflammatory
mediators in neurodegenerative diseases conditions such as AD #>47. For example, elevated
expressions of RANTES has been previously reported in the brains of AD patients, and is
believed to play a role in a neuroprotective response “4. IL-1B has also been detected
in microglial cells surrounding AB plaques in brains from patients with AD #’. Thus, our results
raise the question as to whether the BBB dysfunction and the neuroinflammation induced
after TiO, nano-aerosol exposure may be involved in the neurodegenerative process,
particularly in the aging brain. Furthermore, findings such as these suggest a role for
environmental (or occupational) exposures to NPs in the pathogenesis of neuroinflammatory-

mediated disease states.

The neuro-inflammation is described in both age groups but is associated with BBB integrity
loss only in the aging group. This raise the question of the BBB impairment of repair
mechanism or of adaptive response to stress in the aging brain. It further underscore the need

of investigation of NPs toxicity in at risk population such as the elderly.

Conclusions

We investigated the impact of TiO; nano-aerosols subacute inhalation exposure in altering
BBB integrity and in driving inflammation in the brains of young and aged rats. While we did
not observe any evidence of brain TiO2 NPs translocation, our findings highlighted the
promotion of BBB dysregulation and neuroinflammation under realistic environmental

exposure conditions in both young and aged rats. Dysregulation of BBB structural integrity
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and permeability were observed in aged exposed rats in contrast with only an alteration in TJ
protein (claudin-5), without increased permeability in young exposed rats 28-days post TiO>
NP-exposure, compared to control animals. Dysregulation of BBB function was associated
with acute neuroinflammation, characterized by a significant increase in cerebral expressions
of several pro-inflammatory markers (IL-1B, RANTES, fractalkine, VEGF, IP-10 and IFNy). Along
with our results, this emphasizes the need of further research to investigate
neurodegenerative process that may occur, as a result of exposure to NPs, in the aging
exposed. Importantly, the hypothesis of direct translocation of TiO2 NPs from the nasal
mucosa via the olfactory bulb appeared unlikely due to the absence of Ti in that region after
nasal instillation and inflammation after subacute inhalation exposure. Altogether, the major
findings of our study reveal a potential link between dysregulation of BBB structure and
function, and the presence of titanium in peripheral tissues (lung, spleen, or liver). Additional
research is needed to identify the mediators responsible for this indirect neurotoxic effect of

TiO2 NPs.

Materials and methods

Chemicals
TiO, P25 NPs (Aeroxide® P25, 75% anatase 25% rutile, Evonik®) were from Sigma Aldrich

(Saint-Quentin Fallavier, France).

Animals
The animal facilities have full accreditation (D54-547-10) and while conducting the research

described in this article, investigators adhered to the guide for care and use of laboratory
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animals promulgated by the European Parliament and Council (Directive 2010/63/EC,
2010/63/EU, 22 September 2010). The present study was approved by our local ethical
committee appointed by the French Ministry of Research and Higher Education (Project n°

00692.01).

Male Fisher F344 rats (from Charles River Laboratories, France), 12-13 weeks old and weight
300-320 g referred as young adults and 19 months old , weight 400-425 g referred as aging
group %, were housed in standard environmental conditions (room humidity 55+10% and
temperature 2242 °C ; room under a 12 : 12 hrs light dark cycle) and maintained with free
access to water and standard laboratory diet. The aging rats were fed separately with AO4 diet
(Safe diet) from 1 month of age to 7 months then with AO5 diet (Safe diet) adapted to long

term studies.

Generation and monitoring of TiO2 nano-aerosol

The inhalation which has already been described (Cosnier et al, submitted) system is mainly
composed of an aerosol generation system and inhalation towers for nose-only exposure.
Exposure capability is around 100 rats: 50 NPs exposed rats (in 6 x 9 ports manifold) and 50
control rats (in 2 x 27 ports manifold). Controls were exposed to filtered air. During the 6-hrs
exposure, rats did not have access to food or water. The system has been fully validated
according to OCDE guidelines for chemicals testing. The integrated control of the exposure
conditions (airflow, temperature and relative humidity, depression) is managed and recorded
using dedicated software. Air entering the towers was filtered and conditioned at a
temperature of 22°C £ 2°C and a humidity of 55 £ 10 %. To produce test aerosol of aggregates

and agglomerates NPs, a dry power with rotating brush generator (RBG) (RBG1000 PALAS)
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method was chosen. Aerosol concentration was adjusted with feed rate of the RBG operated
at constant air flow rate. The aerosol monitoring and the characterization was ensured by
real time devices (condensation particle counter, electrical low pressure impactor,
aerodynamic particle sizer, scanning mobility particle sizer spectrometer, optical light
scattering dust monitor,) and off-line analyses (gravimetric filter, particle size-distribution by
cascade impactor, sampling for TEM observations). Mass concentrations were measured on
the basis of gravimetric samplings taken twice to 4 times a day on 25 mm cassettes with GLA-

5000 PVC filters (5 um pore size).

In vivo experimental design

Before the beginning of the aerosol exposure period, rats were acclimated to the restraining
tubes according to the daily scheme of experiment: 2 periods of 3 hrs exposure. Rats were
then exposed to filtered air (controls) or TiO2 nano-aerosol (exposed) during 2 periods of 3 hrs
a day, 5 days/week for 4 weeks. 3 and 28 days after the end of the inhalation exposure period,
animals were anesthetized with isoflurane and euthanized. Organs were collected, sampled,

and store at -80°C until assay.

Neuroinflammation assessment using multiplexing approach

The cerebral cortex and olfactory bulbs were dissected, crushed in 10 volumes of TRIS lysis
buffer 50mM (Sigma) added with proteases inhibitor (Calbiochem) using homogenization for
60 sec in TeenPrep (15ml) Lysing Matrix D (MP Biomedicals). The homogenates were first
centrifuged for 5 min at 2000G then the supernatant was recovered for ultracentrifugation for

30 min at 26184G and stored at -80 ° C until assayed.
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Multiple cytokines/chemokines (111, IL6, EGF, MIP2, IFNy, MCP1, IP10, VEGF, Fractalkine,
RANTES, TNFa) were analysed in extracts from either the cerebral tissues (cerebrum+
cerebellum), olfactory bulbs, or sera using a MILLIPLEX MAP (Merck Millipore, Billerica, US) kit
and the Biorad Bioplex-200 analysis instrument (Bio-Rad laboratories, Hercules, US) all
according to manufacturer’s instructions. Bioplex manager software was used to generate
standard curves and calculate sample cytokines/chemokines concentrations. Assays were

performed in duplicate for each brain extract. Results are expressed as mean of duplicate.

BBB Permeability Measurement

4 hours before animal necropsy, control and exposed rats were anesthetized with isoflurane
and subcutaneously implanted with mini-osmotic pumps (Alzet model 2001D; DURECT Corp.,
Cupertino, California). Pumps were filled with atenolol dissolved in PEG200/DMSO (50/50) to
deliver at 0.25 mg/kg/h. At day 3 and 28, animals were anesthetized with isoflurane and
euthanized. Plasma samples and brain were collected and weighed immediately after death.
The atenolol concentration were quantified in the two compartments using tandem mass
spectrometry coupled with liquid chromatography (LC/MSMS). BBB integrity was estimated
by the ratio of atenolol brain to plasma concentration (Cprain and Cplasma, respectively). This
ratio is described by the partitioning coefficient (Kp).

Kp — Cbrain

Cplasma

LC/MSMS Assay for Atenolol Quantification
Brains were mixed in ultrapure water (2 mL/g of tissue) using an Ultraturrax T65 system (IKA-
Werke, Staufen, Germany). Extract suspensions (400 plL) were submitted to protein

precipitation with 1 mL of methanol previously spiked with internal standard (atenolol-d7 4
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ug/mL). After centrifugation (20000G; 15 min; 4 °C) the supernatant was dried under nitrogen
at 40 °C. The dried extracts were resuspended in 1 mL 0.75 M NH4OH / methanol (80:20 v/v).
Plasma (150 pL) was diluted with 150 pL of 0.75 M NH4OH / methanol (80:20 v/v) previously
spiked with internal standard. Both brain and plasma extracts were submitted to solid-liquid
extraction on isolute SLE+ columns 1 or 6 mL (Biotage). The two eluates (3 mL of
dichloromethane/isopropanol (70:30 v/v) then 3 mL of dichloromethane/isopropanol (70:30
v/v) + 0.2 % formic acid) were pooled and evaporated to dryness. The dry extracts were
resuspended in 200 pL of 5 MM ammonium acetate/methanol (95:5 v/v). Chromatography
was performed using a Shimadzu HPLC system LC 20AD on a Kinetex C18 column
(Phenomenex).The total run time was 5 min and the flow rate was 0.4 mL/min. Analyte (20
pL) was injected onto the column placed in an oven at 40 °C.

Detection was done by tandem mass spectrometry (Finnigan TSQ Quantum Discovery with
Xcalibur and LC Quan softwares, Thermo) in positive electrospray mode. Tuning parameters
were: capillary voltage 3 kV, source temperature 200 °C. The multiple reaction monitoring
transitions for atenolol were m/z atenolol 267.18 > 145.1. Analyte was quantified by means
of calibration curves using atenolol-d7 as internal standard. For plasma and brain extract

assay, calibration ranges were from 1.0 to 200 ng/mL.

Immunofluorescence

Midsagittal brain sections sampled at 28 days after the end of the inhalation period were
embedded in OCT and cut on a cryostat (10 um) were prepared for either claudin-5 and
vonWillebrand factor (VWF) double immunofluorescence, or IL-1B. Brain sections were air
dried for 30 minutes and fixed in ice-cold acetone for 30 minutes and then rinsed in PBS.

Sections were then incubated with 3% BSA for 60 min at RT, rinsed in PBS, and incubated with
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150 pl per section of the appropriate primary antibody (claudin-5: 1:100, Invitrogen/Life
Technologies, Carlbad, CA) and a FITC-tagged vWF (1:1000 dilution, Abcam) or IL-1 (1:1000,
Abcam) alone; diluted in rinse wash buffer [1 part 5% blocking solution (0.5 ml Normal Rabbit
Serum in 10 ml 3% w/v Bovine Serum Albumin) and 4 parts Phosphate Buffered Saline (PBS)]
for 1 hr at RT and then rinsed 3 times with PBS. The slides were then incubated in 150 ul per
section of the appropriate secondary antibody either Alexa Fluor 555 or Alexa Fluor 546
(1:1000 dilution, Vector Laboratories, Biovalley, Marne la Vallée, France) in the dark for 1 hr
at RT. Slides were then rinsed 3 times in PBS and subsequently incubated with Hoescht
nuclear stain (1 pl/ml; 150 pl/section) for one minute, rinsed again then coverslipped with
Agueous Gel Mount (TBS, Fisher Scientific, Waltham, MA). Slides were imaged by fluorescent
microscopy at 10x and 40x, using the appropriate excitation/emission filters, digitally
recorded, and analyzed by image densitometry using Image J software (NIH). A minimum of
3 locations on each section (2 sections per slide), 3 slides and n=3 per group were
processed/analyzed. IL-1B was quantified by total amount of fluorescence per unit area
(consistent across regions/slides). Midbrain analysis included regions of midbrain, brainstem,
hippocampal formation, and cerebral cortex (somatosensory); Forebrain analysis included
regions of the cerebral cortex (somatomotor) and cerebral nuclei/caudoputamen/striatum.

Only vessels <50 um were used for claudin-5 analysis.

Statistical Analysis

After homogeneity of variance confirmation by Hartley or Bartlett test, atenolol partition
coefficients were analyzed using one way ANOVA between control and exposed groups
followed by Tukey post hoc test (Prism 5.1 program, GraphPad Software, Inc, San Diego CA),

Changes were considered statistically significant at p < 0.05. Cytokines and chemokines assays
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were analyzed either using one way ANOVA followed by Tukey post hoc test when Hartley or

Bartlett test confirmed homogeneity of variances (l11B, IFNy, VEGF and IP10 for both aged

groups; RANTES for aging group) or Kruskal-Wallis test followed by test by Dunn’s post hoc

test (RANTES for young adult groups). Immunofluorescence endpoints were analyzed using a

one way ANOVA between treatment groups followed by Holm-Sidak post hoc test (SigmaPlot

SyStat Software Inc, San Joes, CA) and data expressed as mean * SE. Changes were considered

statistically significant at p < 0.05.
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Figures legends:

Figure 1: BBB permeability assessment. The permeability was estimated by the atenolol
cerebral concentration and the ratio between atenolol in the brain and plasma (partition
coefficient or Kp) at 3 days and 28 days after the end of the inhalation exposure in young
adults (A and B) and aging groups (C and D). Each data point represents one animal with

median of n=7 to 9 rats. *P<0.05;**P<0.01 compared to corresponding control.

Figure 2: Representative expression of (A,D) von Willenbrand factor, green fluorescence; (B,
E) claudin-5, red fluorescence; (C, F) vessel-specific claudin-5, yellow overlay in midbrain
microvessels (<100 um in diameter) of (young) 12-13 wk control (A, B, C) or nanoparticle-
exposed (D, E, F) rats at 28 days after the end of nano-aerosol exposure. Graph shows
quantification of fluorescence shown in panels C and F. Scale bar = 100 um. *p<0.050

compared to control rat microvessels.

Figure 3: Representative expression of (A, D) von Willebrand factor, green fluorescence; (B,
E) claudin-5, red fluorescence; (C, F) vessel-specific claudin-5, yellow overlay in midbrain
microvessels (<100 um in diameter) of (aged) 19 mo control (A, B, C) or nanoparticle-exposed
(D, E, F) rats at 28 days after the end of nano-aerosol exposure. Graph shows quantification
of fluorescence shown in panels C and F. Scale bar = 100 um. *p<0.050 compared to control

rat microvessels.

Figure 4: Detection of 6 inflammatory markers in young adults and aging rat cerebral tissues
(cerebrum + cerebelum) after subacute inhalation exposure to TiO2 nano-aerosol. Measure

was done in cerebral tissues extracts collected 3 or 28 days after the end of the inhalation
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exposure by multiplexing approach. Each data point represents one animal with medians of 4

to 7 animals. *P<0.05; **P<0.01 compared to corresponding controls.

Figure 5: IL-1B expression (red fluorescence) in the midbrain of (A) 12-13 wk control, (B) 12-
13 wk nanoparticle (NP)-exposed; (C) 19 mo control; and (D) 19 mo NP-exposed rats at 28
days after the end of nano-aerosol exposure. Relative fluorescence per unit area is
represented in graph shown. *p<0.050 compared to 12-13 wk control; Tp<0.050 compared to

19 mo control. Scale bar = 1000um.

Figure 6: IL-1B expression (red fluorescence) in the forebrain of (A) 12-13 wk control, (B) 12-
13 wk nanoparticle (NP)-exposed; (C) 19 mo control; and (D) 19 mo NP-exposed rats at 28
days after the end of nano-aerosol exposure. Relative fluorescence per unit area is
represented in graph shown. *p<0.050 compared to 12-13 wk control; tp<0.050 compared

to 19 mo control. Scale bar = 1000um.
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Figure 1: BBB permeability assessment. The permeability was estimated by the atenolol
cerebral concentration and the ratio between atenolol in the brain and plasma (partition
coefficient or Kp) at 3 days and 28 days after the end of the inhalation exposure in young
adults (A and B) and aging groups (C and D). Each data point represents one animal

with median of n= 7 to 2 rats.*P<0.05 ;**P<0.01 compared to corresponding control.
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Figure 2: Representative expression of (A,D) von Willenbrand factor, green fluorescence; (B, E) claudin-5, red fluorescence; (C, F)
vessel-specific claudin-5, yellow overlay in midbrain microvessels (<100 pm in diameter) of (young) 12-13 wk control (A, B, C) or
nanoparticle-exposed (D, E, F) rats at 28 days after the end of nano-aerosol exposure. Graph shows quantification of fluorescence
shown in panels C and F. Scale bar = 100 pm. *p<0.050 compared to control rat microvessels.
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Figure 3: Representative expression of (A, D) von Willebrand factor, green fluorescence; (B, E) claudin-5, red fluorescence; (C, F)
vessel-specific claudin-5, yvellow overlay in midbrain microvessels (<100 pm in diameter) of (aged) 19 mo control (A, B, C) or
nanoparticle-exposed (D, E, F) rats at 28 days after the end of nano-aerosol exposure. Graph shows quantification of fluorescence shown
in panels C and F. Scale bar = 100 um. *p=<0.050 compared to control rat microvessels.
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Figure 4: Detection of 6 inflammatory markers in
young adults and aging rat cerebral tissues (cerebrum

+ 12-wk Control

a 12-wk NP
= 19-mo Control
e 19-mo NP

+ cerebelum) after subacute inhalation exposure to
TiO, nano-aerosol. Measure was done in cerebral
tissues extracts collected 3 or 28 days after the end
of the inhalation exposure by multiplexing approach.

Each data point represents one animal with medians
of 4 to 7 animals. *P<0.05; **P<0.01 compared to
corresponding controls.
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Figure 5: IL-1B expression (red fluorescence) in the
midbrain of (A) 12-13 wk control, (B) 12-13 wk
nanoparticle (NP)-exposed; (C) 19 mo control; and (D)
19 mo NP-exposed rats at 28 days after the end of
nano-aerosol exposure. Relative fluorescence per unit
area is represented in graph shown. *p<0.050
compared to 12-13 wk control; Tp<0.050 compared to
19 mo control. Scale bar = 1000pm.
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Figure 6: IL-1P expression (red fluorescence) in the
forebrain of (A) 12-13 wk control, (B) 12-13 wk
nanoparticle (NP)-exposed; (C) 19 mo control; and (D)
19 mo NP-exposed rats at 28 days after the end of
nano-aerosol exposure. Relative fluorescence per unit
area is represented in graph shown. *p<0.050 compared

to 12-13 wk control; 7p<0.050 compared to 19 mo
control. Scale bar = 1000pm.
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Conclusions:

Previous laboratory results underscore the importance of in vivo assessment of the
consequences of TiO» NPs on the brain and the BBB functions. Because of the BBB
involvement in many brain diseases (e.g. neurodegenerative diseases), we suggest that exposure
to TiO2 NPs may regulate BBB functions, neuro-inflammation and promote neuro-toxicity in
adult and aging brain. Therefore, the objective of this PhD project was to explore in vivo impact
of TiO2 NPs exposure on the BBB and brain functions in young adults and aging population.

The initial approach proposed in this project was firstly to conduct in vivo experiments by IV
injection of TiO2 NPs in rats. The IV corresponding to a 100% bioavailability, this study
overcomes the interactions with other physiological barriers before the passage of NPs into the
blood. For titanium quantification in tissues and organs samples, a mineralization methods was
validated. This method allow sensitive ICP-MS quantification of titanium with a recovery of
96% recovery and a limit of quantification down to 0.9 pg/L for a titanium suspension. The
assays carried out by ICP-MS showed a titanium bioaccumulation in various organs,
particularly in the liver up to a year after IV administration of TiO2 NPs. At the brain level,
titanium is found in significant amounts during the first 6 hours after administration. The deep
analysis of brain microvessels showed a rapid sequestration of titanium in the BECs, rapid
elimination and limited translocation to the brain parenchyma.

Assessment of BBB functions showed a down regulation of the BCRP activity at early time
point (6 hours). The in vitro BBB model was used to further characterized interactions between
TiO, NPs and BECs. Results of 24 hours direct exposure to NPs suggest alteration of P-gp
activities. Moreover, despite the absence of titanium in the brain parenchyma, 28 days after IV
administration, we noticed an increase in transcriptional expression of P-gp in BECs, of
structure proteins (claudin 5 and occludin) and of cytokines such as interleukin-1p3, CXCL1 and
IP-10, suggesting a neurovascular inflammation associated with BECs activation. The
dysfunction of the BBB physiology in the absence of titanium in the brain is probably related
to extra-cerebral titanium bioaccumulation associated with the secretion of circulating
mediators such as pro-inflammatory cytokines / chemokines or metabolite products. The
concept of circulating mediators was confirmed by exposing the in vitro BBB model to sera
from exposed animals. The up regulation of inflammatory markers in the in vitro model
evidenced emphasizes our hypothesis.

This first part of the project shed light on the TiO2 NPs brain distribution and pointed out the
role of the BBB in the limitation of translocation to the CNS. In addition, we report for the first
time the role of circulating mediators, released by organs bioaccumulating titanium, on the
regulation of the BBB physiology leading to neuro-inflammation.
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In order to draw a comparative study with the IV route, we discussed the second part of the
project with the exposure by inhalation to TiO> NPs. Experiments showed a bio-persistence in
the lungs with a slow clearance and a translocation to extra-pulmonary organs: spleen and liver.
We have not confirmed data previously published suggesting brain distribution transport
pathway of TiO2 NPs along the olfactory nerve. Despite the lack of brain translocation evidence,
we observed modification in structure protein expression leading to BBB integrity loss in aging
exposed rats. Like after IV administration, the effects were associated with acute brain
inflammation characterized by up regulation of pro-inflammatory cytokines and chemokines
secretions in the brain cortex.

Early and long term events occurring at the BBB as well as discussed mechanisms are
summarized in Figure 36. Altogether, the experimental strategy developed in this work
described TiO> NPs kinetics precisely and showed that indeed, TiO> NPs exposure induced
BBB dysregulation and neuro-inflammation. This is the first study which report indirect impact
on the CNS linking bioaccumulation of titanium in extra-cerebral organs, BBB physiology and
neuro-inflammation. Exacerbated response in the aging brain emphasize with aging as a
vulnerability factor.
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Figure 39: Schematic summary of the early events (A) and indirect long term
consequences (B) of TiO2 NPs exposure on the BBB physiology and on inflammation in
the brain.
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Perspectives

We have demonstrated, for the first time that the accumulation of TiO2 NPs in peripheral
organs can impact the CNS by indirect mechanisms. These indirect effects show the sensitivity
of the CNS to all the physiological modulations in the organism as well as the link between the
peripheral organs such as the liver, spleen, lungs and the brain. This relationship seems to be
dependent on circulating factors which remain to be determined. Indeed, the long term titanium
accumulation in extra-cerebral organs such as the liver after IV administration may lead to local
impairment of metabolism. The factors released from these organs may circulate in blood and
act at the CNS level. For example, ceramide and sphingosine are lipid species that have
demonstrated to be implicated in transport functions regulation in the brain, amyloidogenesis
and neurotoxicity 27?53, The crucial role of lipids metabolites is demonstrated by the large
number of CNS diseases in which lipid metabolism is altered *”?. For example, systemic
ceramides accumulation has been described as involved in the early brain changes in AD 7%,
In this context, lipidomics studies will be undertaken to shed light on the role of circulating
lipid species in the brain function after exposure to TiO2 NPs.

In the elderly we noted modulations and inflammation at the brain levels of a certain
number of parameters that can suggest an exacerbation of neurodegenerative processes. Indeed,
inflammation within the CNS and BBB permeability alterations has been associated with
chronic neurodegenerative disease including AD “%#-20% 20820 Neurodegenerative diseases such
as AD are multifactorial but exposure to air pollution induced by ultrafine particles has already
been mentioned as one of those risk factors. The research of neurodegenerative disease
biomarkers such as beta amyloid plaque formation or Tau protein hyper-phosphorylation would
be interesting to highlight in the context of inhalation exposure particularly in aging animals.

In the inflamed brain, many processes are dysregulated. For example, metal homeostasis
and metabolism process such as carbohydrates metabolism. The brain being highly sensitive to
such homeostasis modulations, it may lead to alteration of neuronal functions. Indeed metal
homeostasis can be used as a marker of toxicity in the brain. Metal ions such as iron, copper or
zinc fulfill important biological functions at the brain level and particularly in the synaptic
connections. In normal conditions, the brain strictly regulates the homeostasis of metal ions.
The metal ions are present in healthy brains at relatively high concentrations where they are
involved in neuronal activity. Deregulation (either excess or deficiency) will cause
malfunctions. Indeed, metal ions Fe''' and Cu" are usually initiators of toxicity and are due to
their redox properties, via the production of reactive oxygen species (ROS) (HO °, O> *"). Metals
are part of the enzyme function and conduction of intracellular signals. Moreover, during aging,
homeostatic mechanisms involving metals may be disturbed. For example, in AD pathological
contexts, homeostatic mechanisms are disrupted, causing an aberrant functioning of the metal-
dependent enzymes, a mitochondrial dysfunction and an ROS generation. In addition, because
of their affinity for various proteins, metals can promote the aggregation of proteins. For
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example, in the context of AD, copper has a high affinity for Ap and APP proteins. The
assessment of the distribution and metal homeostasis in our study showed therefore a twofold
advantage: as a marker of neurotoxicity and as a sign that can be associated with neuro-
degenerative process-toxicity in aging rats. Therefore we proposed to characterize brain metal
homeostasis after inhalation exposure using PIXE (particle induced X-ray emission).

In addition, glucose metabolism alteration can be proposed as neurotoxic consequences
of exposure to TiO2 NPs. Indeed, glucose transport at the BBB level play a critical role in brain
energy supplies and several evidence suggest that brain glucose hypo-metabolism may be the
first sign to AD cognitive decline ¥ 2%, As example, reduced glucose transport in metabolic
active brain regions and reduced component of the insulin signaling pathway were noticed in
the brain of AD patients. Impaired energy metabolism correlates with progression of
neurodegeneration in these patients. Thus, altered glucose utilization and metabolism could
appear as a contributing factor in AD. Metabolomic approach will be used for the assessment
of the impact of exposure to TiO> NPs on carbohydrates metabolism at the brain level.
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In order to draw appropriate conclusions about the possible adverse biological effects of titanium dioxide
nanoparticles (TiO,-NPs), the so-called “dose—effect™ relationship must be explored. This requires proper
quantification of titanium in complex matrices such as animal organs for future toxicological studies. This
study presents the method development for mineralizing TiO,-NPs for analysis of biological tissues. We com-
pared the recovery and quantification limits of the four most commonly used mineralization methods for
metal oxides. Microwave-assisted dissolution in an HNO;—HF mixture followed by H,0, treatment pro-
duced the best results for a TiO,-NPs suspension, with 96 * 8% recovery and a limit of quantification as low
as 0.9 ug/L. This method was then used for the determination of titanium levels in tissue samples taken from
rats. However, our tests revealed that even this method is not sensitive enough for quantifying titanium levels
in single olfactory bulbs or hippocampus in control animals.

Keywords: titanium, nanoparticles, mineralization, toxicology, rat, ICP-MS.
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Titanium dioxide nanoparticles are widely produced
today, with an estimated upper bound of 38000 tons per
year manufactured in the United States alone [1]. They
are found in many commercial products, including
paint, cosmetics, pharmaceutical products, plastics,
paper, ceramics, and food as an anticaking or whiten-
ing agent [1, 2]. Such massive production raises the
question of their human and environmental toxicity.

While TiO, particles were used in the past as a neg-
ative control in in vitro and in vivo toxicological studies
[3], this practice was challenged after one study re-
ported the development of lung tumors in rats after
two years of exposure to high concentrations of fine
TiO, [4]. The International Agency for Research on
Cancer (IARC) has therefore classified TiO, as a
Group 2B carcinogen (possibly carcinogenic to hu-
mans) [5]. Recent studies have also highlighted the
ability of TiO,-NPs to cross biological barriers and
reach several organs [6, 7]. However, some absorption
routes remain controversial [8—12].

One possible explanation for the discrepancies in the
literature might be the difficulties involved in properly
quantifying TiO,-NPs in tissue samples. Inductively

coupled plasma-mass spectrometry (ICP-MS) is one of
the most useful techniques available but the procedure is
complicated. Sample preparation that results in ac-
ceptable and reproducible recovery, interference
caused by different Ti isotopes, and estimation of the
correct quantification limit in complex matrices such
as biological tissues are among the hurdles to over-
come. Only a few papers have dealt with this issue
[13—15]. Other analytical tools, such as electrothermal
vaporization ICP-MS, might be considered good al-
ternatives for analyzing solid samples, but these often
demand substantial financial investment. In this
study, we developed and fully-validated a reliable,
quantitative ICP-MS method for analyzing titanium
contents in rat organ tissues. Different digestion/dis-
solution techniques are traditionally used to solubilize
TiO,-NPs in organic matter, such as the use of strong
acids (e.g., hydrofluoric, sulfuric and nitric acids)
and/or hydrogen peroxide together with microwaves
and/or heating systems [15—20]. In this study, we
compared the four most common mineralization
techniques for use with a TiO,-NP solution. The most
appropriate digestion method was then selected on the
basis of its recovery rate and quantification limit. This
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method was validated and then applied to determina-
tion of titanium in different rat organs. The results
were compared to available published data. We con-
sider determination of a method’s recovery and quan-
tification limit to be a pre-requisite and mandatory
step that must be taken before analysing tissues from
exposed animals and drawing conclusions about dose-
effect relationships.

EXPERIMENTAL

Apparatus. A Varian 820-MS inductively coupled
plasma mass spectrometer (ICP—MS) with an exter-
nal sample introduction assembly with Peltier-cooled
spray chamber, glass concentric nebulizer, peristaltic
pump mounted outside the torch box and SPS3 auto
sampler was used. A discrete dynode electron multi-
plier detector provides nine decades of dynamic range
in an all-digital pulse design. The Varian 820-MS sys-
tem also features a Collision Reaction Interface (CRI)
providing fast, flexible, interference-free analysis us-
ing simple collision and reaction gases.

A Varian AA280Z Atomic Absorption Spectropho-
tometer (AAS), equipped with a Zeeman background
corrector, was used for atomic absorption measure-
ment of titanium at 364.3 nm with a slit-width of 0.5 mm.
A hollow cathode lamp of Ti (photron) was operated at
20 mA. Uncoated graphite tube cuvettes were purchased
from Schunk Kohlenstofftechnik (Germany).

Transmission electron microscopy (TEM) analyses
were performed as follows: a 3-uLL droplet of the dis-
persion was cast on formvar/carbon-coated copper
grid for 2 min and imaged with a JEOL 1400 instru-
ment (JEOL, Tokyo, Japan) operating at 80 keV (Ima-
gif platform, Gif-sur-Yvette). Images were acquired
using a post-column high resolution (11 megapixels)
high speed camera (SC1000 Orius, Gatan) and pro-
cessed with Digital micrograph (Gatan) and Imagel
(Schneider Nat Meth 2012 9671) software. Hydrody-
namic diameter was measured by dynamic light scat-
tering using a ZetaSizer ZEN3600 (Malvern, Heren-
berg, Germany) equipped with a 633 nm laser. Rat
samples were weighed thanks to AB204 Mettler Tole-
do balance.

Reagents and solutions. Certified water was used
(Trace Metals 3, RTC, QC1448). All chemicals used in
the study were of analytical grade or higher. Nitric acid
was used to prepare 2.0% HNO; (v/v) with ultrapure
water. All single element stock solutions (1000 mg/L)
were delivered by SCP Science and certified for purity
and concentration. Titanium standard solutions for
ICP-MS calibration were prepared (at concentration
levels of 50 to 10000 ng/L) by diluting a 10 g/L titani-
um standard stock solution (140.050.220, SCP Sci-
ence) with 2% (v/v) HNO;. An internal standard solu-
tion containing 100 ug/L of Ge was prepared by dilut-
ing a 1000 mg/L internal standard stock solution
(140.051.211, SCP Science) with 2% (v/v) HNO;. The

KYPHAJI AHAIMUTUYECKON XUMUU  Tom 71

Ne 4

437

internal standard was added to all samples and stan-
dard solutions.

External quality assurance was performed by par-
ticipation in the following international comparison
programs and quality assessment schemes: German Ex-
ternal Quality Assessment Scheme (G-EQUAS) from
the Institute and Out-Patient Clinic for Occupational,
Social and Environmental Medicine at Friedrich-Alex-
ander-University, Erlangen-Nuremberg, Germany, and
Quebec Multielement External Quality Assessment
Scheme (QMEQAS) at the Canadian Institut Nation-
al de Santé Publique du Québec.

Titanium dioxide nanoparticle preparation. The
TiO,-NPs used in this study were in the form of
Aeroxide® P25 TiO, (Degussa, Sigma Aldrich),
which consists of an 81 : 19 mixture of anatase and ru-
tile. A stock solution was prepared by adding the de-
sired weight of P25 to ultrapure water (MilliQ, Milli-
pore, Germany) and sonicating for 30 min in a Bran-
son 2510 bath sonicator at a frequency of 40 kHz. The
morphology and size of TiO,-NPs in stock suspensions
were determined by TEM. The mean particle diameter as
observed by TEM was 21 = 7 nm (n = 300). From dy-
namic light scattering measurements, TiO,-NPs were
found to agglomerate in both water and culture medi-
um (474 £ 96 nm in distilled water and 747 & 142 nm
in culture media). The specific surface area (BET) was
50 + 15 m?/g. Various concentrations for the digestion
evaluation were made using a serial dilution of the
stock solution. First, 125 mg of TiO,-NPs powder was
dispersed in 50 mL of distilled water. The 2.5 g/L sus-
pension was then treated by ultrasound for 20 min and
mechanically vibrated for 3 min. An intermediate sus-
pension at 2.5 mg/L was prepared in order to prepare
final solutions of 2 ug/L for testing the stability/ho-
mogeneity of the solution, and 5 ug/L for testing the
mineralization methods.

Animal tissue samples. All experiments in this study
were performed in line with the European guidelines
related to the protection of animals used for experimental
and other scientific purposes [21]. Prior to the study pe-
riod, 62 eight-week-old male Sprague-Dawley rats
(Charles River, Domaine des Oncins, Saint-Germain-
sur-’Arbresle, France), each weighing 250—275 g, were
housed under controlled environmental conditions for
seven days in polycarbonate cages (43 cm long, 43 cm
wide, 19 cm high, each holding six rats) with hard-
wood-chip bedding. The room temperature (22°C),
humidity (55 £ 5%) and light cycle (07:00—19:00 h)
were controlled automatically. Filtered tap water (pore
size 0.3 pm) and y-ray-sterilized food (UAR-Alimen-
tation, Villemoisson, Epinay-sur-Orge, France) were
provided ad libitum.

Animals were deeply anesthetized with pentobarbi-
tal (60 mg/kg) and then killed by exsanguinations
through the abdominal aorta. Blood samples were tak-
en and red blood cells (RBC) were isolated from plas-
ma for the determination of titanium. Tissue and or-

2016



438

gans (brain, liver, spleen, kidneys, lungs) were collect-
ed and weighed. The brains of 46 rats were removed
rapidly and then placed on glass plates at 0°C to sam-
ple the olfactory bulbs, hippocampus, frontal cortex
and cerebellum. Tissue samples were placed in poly-
ethylene microcentrifuge tubes and immediately put
into liquid nitrogen storage at —180°C until analysis.
All procedures used in this experiment were compliant
with the local ethics committee.

Mineralization methods. The four most commonly-
used digestion methods were tested (methods A to D,
below). Method A is described by Wang [22] and Liu
[23], and methods B, C and D are presented in Khos-
ravi [24]. For each method, tissues were removed from
storage and thawed. About 0.1—0.3 g of each tissue was
weighed and digested.

Method A. Several hundred mg of sample was di-
gested overnight in 2 mL of concentrated nitric acid.
After adding 0.5 mL of concentrated H,O,, the mixed
solutions were digested completely using a Microwave
Assisted Reaction System (MARS) Express instru-
ment. The microwave digestion program consisted of
a temperature ramp to 150°C over 15 min, followed by
a ramp from 150°C to 180°C over 15 min and then a
20-min hold at 180°C. Power was at 1200 W during the
50-min cycle. The MARS reactors were rinsed twice
with 10 mL of 2% nitric acid and then transferred to a
Teflon reaction vessel containing the sample solution.
The solutions were heated at 120°C until colourless
and clear in order to remove the remaining nitric acid.
Finally, the remaining solutions were diluted to 3 mL
with 2% nitric acid and then analyzed for titanium
content.

Method B. A tri-acid mixture was prepared with
concentrated nitric, hydrochloric and hydrofluoric
acids mixed inaratioof 3 : 1: 3, and 30 mL of this mix-
ture was added to each Teflon reaction vessel contain-
ing a sample. The mixed solutions were then com-
pletely digested using MARS Express instrument. The
microwave digestion program was the same as that
used for method A. After cooling, the remaining solu-
tion was diluted with 10 mL of ultrapure water. The
aqueous solution was transferred to volumetric flasks
for appropriate dilution (ten-fold typically) and then
analyzed for titanium content.

Method C. Samples were added to a 55 mL micro-
wave digestion vessel with 8 mL of concentrated nitric
acid and 2 mL of concentrated HF. The samples were
digested using MARS Express instrument, following
the same temperature program as that used for meth-
ods A and B. After cooling, the vessel was rinsed at
least three times into a Teflon beaker using approxi-
mately 20 mL of a 2% nitric acid solution, and 2 mL of
concentrated hydrogen peroxide was added to each
beaker to digest any remaining organics. The beakers
were then heated on a hot plate at 180°C until 0.1 to
0.5 mL of each solution remained. The beakers were
then removed from the hot plate, allowed to cool and
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rinsed at least three times into a 25 mL volumetric
flask using a 2% nitric acid solution before being
stored for analysis. The final concentration of HF in
the measured solution was low enough to allow using
the routinely applied sample introduction system.

Method D. Samples were transferred to porcelain
crucibles for digestion and heated gently to dryness
over a hot plate. To optimize the persulfate fusion
method, various amounts of ammonium persulfate
were added to the crucible. Care was taken to ensure
that the residue at the bottom of the crucible was com-
pletely covered with ammonium persulfate prior to fu-
sion, and all the steps in the digestion process took place
in an acid-resistant fume hood. Fusion was initiated by
heating with a laboratory Bunsen burner. Upon heating
of the reaction vessel, the mixture began to fume. Fusion
was complete once fuming had ceased (after about
3 min). The fusion product was soaked in 10 mL of 2%
nitric acid solution in the reaction vessel for 30 min. The
solution was then relocated into a 200 mL flask and
placed on a hotplate for further digestion by gentle
boiling for 10 min. Finally, the clear solution was
transferred to a 50 mL volumetric flask and diluted
with 2% nitric acid solution.

Determination of titanium. Prior to elemental anal-
ysis, the tissues were mineralized according to one of
the methods described above. In general, ICP-MS was
used to measure titanium concentrations in the sam-
ples. The typical method parameters (including CRI
settings) used for the analyses are listed in Table 1. An-
alytical parameters for AAS are presented in Table 2.
The internal standard concentration was 50 ug/L Ge
for all samples and calibration solutions. Blanks and
tissue digests were measured against an external cali-
bration with internal standard correction.

Titanium determination by conventional quadru-
pole ICP-MS has recently been optimized [15]. Un-
wanted interferences can also be minimized using col-
lision/reaction cell technology [25]. For titanium de-
termination with Varian 820-MS, the samples were
injected directly. In order to avoid potential interfer-
ences [13], the analyses were performed in CRI mode
on #Ti, an isotope that has a relatively low natural
abundance (5.4%). In order to cross-check the ICP-
MS results, the same samples were analyzed by AAS
when possible. The data were expressed either as mi-
crograms per liter of digestion solution or as micro-
grams per gram of fresh tissue. ICP-MS was sensitive
enough to quantify all of our samples and there was no
need to improve the analytical quantification limit of
0.08 ug/L. In contrast, a significant effort was made to
improve the method quantification limits (MQL).

Quantification limits. The limit of quantification
(LOQ) can be estimated by taking 30 repeat measure-
ments of the blank in the same series. The mean and
standard deviation (SD) of these 30 measurements are
expressed in concentration. In this case, the LOQ is
equal to the sum of the mean blank concentration plus
Ne 4
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Table 1. Instrumental settings for the determination of titanium in HNOj solution by ICP-MS

Parameter Instrument parameter Setting
Gas flow parameters, L/min Plasma flow 13.5
Auxiliary fow 1.35
Nebulizer flow 1.00
Sheath flow 0.19
Plasma power RF power, kW 1.40
Sample introduction Sampling depth, mm 7.0
Pump rate, rpm 5.0
Ion optics, V First extraction lens —10
Second extraction lens —-90
Third extraction lens -32
Corner lens =310
Mirror lens left 35
Mirror lens right 19
Mirror lens bottom 26
Fringe bias -7.0
CRI Gas settings Skimmer gas source He
Skimmer flow, mL/min 150
Quadrupole scan Scan mode Peak hopping
Dwell time, ms 100
Points per peak 1
Scans/replicate 20
Replicates/sample 3

ten standard deviations. Alternatively, the LOQ can be
evaluated using the dilution of a standard solution or
quality control sample at a low concentration with the
dilutant. Eleven dilutions are prepared, altering the di-
lution by 10% each time (i.e., 100 + 0, 90 + 10, 80 +
+ 20...0 + 100), and each preparation is measured 10

Table 2. Instrumental settings for the determination of tita-
nium in HNOj; solution by GF-AAS

Parameter Value
Wavelength, nm 364.3
Lamp current, mA 20
Slit width, nm 0.5
Dry temperature, °C 120
Dry time, ramp/hold, s 40/30
Ashing temperature, °C 1300
Ashing time, ramp/hold, s 20/10
Atomisation temperature, °C 2800
Atomisation time, ramp/hold, s 1.2/3
Cleaning temperature, °C 2800
Cleaning time, ramp/hold, s 2/0.4
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times in a single series. To determine the LOQ, the
standard deviation and variation of the average (m)
from the theoretical value (fidelity profile) are calcu-
lated for each series of measurements. The concentra-
tions and their respective SD values are then used to
construct a Horwitz curve from which the LOQ can be
extrapolated at SD = 15%. We chose the first way to
estimate LOQ and we verified the consistency of this
limit with the second way.

Method validation. Validation was done as de-
scribed in our previous paper [26]. The linearity limit,
precision (intermediate precision, repeatability and
reproducibility), accuracy and sensitivity were esti-
mated for the chosen method. This validation proce-
dure is in good agreement with that proposed by Peters
et al. [27].

RESULTS AND DISCUSSION

Stability and homogeneity of TiO,-NPs solution. To
be sure that the solution was homogeneous and stable,
the concentration of an initial 2 ug/L TiO,-NPs aque-
ous solution (250 mL) was monitored at different
times over 360 min; = 0 corresponds to the end of ul-
trasonic and vibration treatment. An aliquot of 50 uL
was sampled at different times (r = 0, 10, 15, 60, 90,
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Table 3. Recovery rates and quantification limits for each method (mean values = SD)

Expected titanium Mean titanium Blank mean titanium
3 skek
Method Recovery®, % concentration, ug/L | concentration, ug/L | concentration, ug/L LOQ™, ug/L
A 56 + 25 5.4 3.0+ 14 1.2+0.2 3.7
B 98 £3 5.0 49+0.2 0.5£0.1 1.2
C 96+ 8 5.2 50x0.4 0.3+0.1 0.9
D 92+9 4.8 45+04 1.3+0.1 2.6

* For recovery, there were 12 sample repetitions, or 12 independent sample digestions; each sample was measured in triplicate.
** For LOQ, there were 30 sample repetitions; each sample was measured in triplicate; LOQ = mean + 10SD; instrumental quantification

limit is equal to 0.08 ug/L.

120, 180, 240, 300 and 360 min) and transferred to a
50 mL flask of 2% HNO;. A ten-fold dilution was per-
formed for each of these aliquots prior to graphite fur-
nace (GF)-AAS analysis. At this level of titanium con-
centration, the GF is capable of direct analysis of sol-
ids [28], thus allowing the problem of TiO,-NPs
mineralization to be avoided. Fifteen analyses of this
stock solution were performed over 360 min. The
mean TiO, concentration was 2.0 ug/L with a SD of
0.3 ug/L (RSD = 16%). A review of Cal-Prieto et al.
[29] reported the RSD values for elemental analysis of
animal tissue with GF-AAS ranging from 14 to 17%.
The stock solution was therefore considered stable
enough to be analyzed in our experimental conditions.

Recovery. The digestions were first evaluated for
the recovery of the 2 ug/L TiO, NPs aqueous solution.
Twelve aliquots of this solution were used for each di-
gestion method. The results are presented in Table 3.
The recovery rates of methods B, C and D were over
92% with standard deviations below 9%. At this con-
centration level, a SD below 15% is equivalent to the
SD values determined for quality control samples. In
contrast, method A had a recovery rate of 56% and a
SD of about 25%. These data were also used to deter-
mine the digestion MDL.

Quantification limits. All digestion methods were
applied to blank samples in order to measure the likely
amounts of titanium contamination. Teflon tubes,
15 mL polypropylene tubes and chemicals are all po-
tential sources of titanium contamination [15]. One of
the main advantages of using real blank samples to es-
timate the MQL is that any titanium contamination
will be entirely integrated into the MQL.

As a further safeguard and quality check for titani-
um contamination, the vessels were rinsed in between
two consecutive quantitative analyses, following the pro-
tocol of method C, and the final solution was analyzed. If
the titanium content was higher than 0.4 ug/L, the ves-
sels were rinsed again and re-analyzed. This “contam-
ination limit” was arbitrarily chosen but was later
found to have yielded the best results. The quantifica-
tion limits for each method are reported in Table 3. Ti-
tanium blank concentrations ranged from 0.3 to
1.3 ug/L depending on the method. MQL averages
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and standard deviations are also reported. Of the three
methods, method C yielded the highest sensitivity
(MQL = 0.9 pg/L) and a satisfactory recovery rate
(96 £ 8%). This method was therefore chosen for the
analyses of biological samples.

Validation of the method. Linearity was investigated
using 6 standard solutions with concentrations ranging
from 0.8 to 52 ug/L (6 replicates). The linearity of the
calibration curves for “Ti was good over this concen-
tration range (R? > 0.999). The intermediate precision
at any given level is defined as the degree of concor-
dance between individual results obtained from a sin-
gle sample tested in a single laboratory, but where one
or more of the analyst, equipment and/or day varies.
The intermediate precision was determined at two ti-
tanium concentrations: 1.24 and 6.20 ug/L. Samples
were analyzed twice per day over 15 days. The maxi-
mum standard deviation was 22%. The standard devi-
ations obtained for 1.24 and 6.20 ug/L solutions were
6.6 and 3.5%, respectively.

The accuracy at any given level is the degree of con-
cordance between the value certified by a recognized
organization and the mean result obtained by applying
the experimental procedure at least ten times. Accura-
cy was measured at the two titanium concentrations,
1.24 and 6.20 ug/L. Thirty replicates of the samples
were performed. The accuracies were 99.91 and
99.97%, respectively.

Matrix effects and recovery rates were double-
checked by analyzing the titanium content of samples
by both ICP-MS and AAS. For ICP-MS analysis in
CRI mode, no matrix interferences on *Ti, such as
35160, 32S16QH or 3 P8O, were observed. Direct AAS
analysis of non-mineralized samples and ICP-MS
analysis of mineralized samples (method C, corrected
for recovery) yielded titanium contents that usually
differed by no more than 5%.

Application of method C to different types of biolog-
ical organ tissues. Table 4 presents the titanium con-
tents measured in different rat organs. Mean titanium
concentrations are reported as “ug/L of final digestion
solution” and “ng/g of tissue”. As the MQL is dependent
on the sample mass, it is reported as “ng/g of tissue™.
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Table 4. Quantification limits for rat tissue samples
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' Average sample Mean titan'ium Mean titan'ium
Rat matrices/organs concentration, concentration, LOQ, ng/g LOD, ng/g
mass, mg
ug/L ng/g
Brain (n = 16) 1606 + 388 48+ 1.7 74.8 £ 17.8 13.7 4.1
Liver 4738 £ 1259 211t 118 108 £ 43 4.7 1.4
Spleen 668 + 186 2.6+ 1.2 93.9 + 28.8 33.1 9.9
Kidneys 1502 * 466 7.0 £3.6 107 £ 33 14.7 4.4
Lung 1044 £ 192 39+ 15 86.3 £ 27.5 21.2 6.4
RBC 1569 + 344 50x£3.5 72.5+17.1 14.1 4.2
Plasma 1954 + 733 2.7+ 13 345+ 11.2 11.2 33
Cerebellum 2978 £ 23 0.7t 0.1 57.4+7.7 54.1 16.2
Olfactory bulb (n = 32) 48.4+t5.2 0.3+0.1 150 + 63 333 99
5 Olfactory bulbs (n = 12) 239 + 17 0.6 +0.1 61.4+10.9 67.5 20.2
Hippocampus (n = 32) 51.6 + 8.6 0.2+0.1 116 + 44 311 93
5 Hippocampus (n = 12) 251 £45 0.6 £ 0.1 66.1 £9.2 64.0 19.2
5 Frontal cortex (n = 18) 351 £ 57 0.8£0.1 57.3 £10.1 45.8 13.7
Urine 3000+ 281 11.0x+ 1.6 95.6 £ 19.2 7.4 2.2

Data were obtained from 62 rats. Masses in italics mean that the tissue or the sample was not taken entirely. LOQ in this table is equivalent

to MQL.

As mentioned above, the LOQ for method C (as de-
termined from blank analyses) was 0.9 ug/L (Table 3).
In the rat tissue tests, the MQL ranged from 4.7 (in liv-
er) to 330 ng/g (in a single olfactory bulb), depending
on the sample mass and digestion method used. This
important finding should be taken into consideration
in future toxicological studies. Because the basal tita-
nium content is highly variable from one organ to an-
other, it is necessary to ensure that the measured tita-
nium concentration is above the MQL for meaningful
quantification. The number of control animals is also
relatively important (# = 62 in this study) in ensuring
that statistically significant results are obtained.

In Table 4, even though the titanium contents were
measured in different control animals, when the mea-
sured concentrations were close to the MQL, such as
those of cerebellum, 5 olfactory bulbs, 5 hippocampus
and 5 frontal cortices, the respective standard devia-
tions (13.4, 17.7, 13.9 and 17.6%; Table 4) were accept-
able. Taking into account the variability between ani-
mals, according to the Horwitz test these standard de-
viations confirm that the method detection and
quantification limits are appropriate.

The standard deviations for organs with relatively
high titanium concentrations, such as the brain, liver,
spleen, kidney, lung or RBC are equal to 23.8, 39.8,
30.7, 31.5, 31.8 and 23.5%, respectively. Standard de-
viations at this level are frequently reported for the ti-
tanium contents of the major rat tissues [15, 18].

The MQL and method detection limit (MDL) are
on the same order of magnitude as those found in the
literature. Krystek et al. [15] proposed an MDL of 5 ng

KYPHAJI AHAIMUTUYECKON XUMUU  Tom 71

Ne 4

Ti/g tissue for liver, spleen, kidneys and blood. Our
MDL are close to that level for kidneys and RBC
(4.4 and 4.2 ng Ti/g tissue, respectively) but deviate
from this value for liver and spleen (1.4 and 9.9 ng Ti/g
tissue, respectively). The MQL and MDL expressed in
“ng Ti/g tissue” are tissue mass-dependent and this
should be kept in mind when results of future toxicoki-
netic studies are presented.

The titanium contents measured in brain (75 =
+ 18 ng/g), liver (108 + 43 ng/g), spleen (94 + 29 ng/g),
kidney (107 £ 34 ng/g), lung (86 = 27 ng/g) and RBC
(73 £ 17 ng/g) are relatively close to those reported by
Wang et al. (n = 80) [22] and Liu et al. (n = 70) [23] in
CD-1 mice. However, our results differ by one order of
magnitude with those obtained by Fabian [8] (e.g., (1.6 =
+0.1) x 10’ ng/g in rat lung compared to 86 + 27 ng/g in
our study) and Shinohara [30] (e.g. 5.0 = 2.2 ng/g in
rat kidney compared to 107 + 34 ng/g in our study).
These discrepancies may be due to the number of rats
(n =3 for Fabian and n = 25 for Shinohara) and/or the
species of rat (Wistar and F344/DuCrlCrlj rats, re-
spectively) used in the different studies.

Finally, it is worth mentioning that Krystek et al.
[15] compared different digestion methods (using HF)
in different laboratories. The inter-laboratory study
yielded consistent results for samples over 4 ug/g tis-
sue. However, all control rat tissue samples have tita-
nium contents lower than 0.15 ug/g tissue, their meth-
od quantification limit. In our work, the method we
chose is sensitive enough to quantify titanium in all
control rat organs/tissues except single olfactory bulbs
and hippocampus.
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The aim of this study was to compare and validate
a method for quantifying titanium content in biologi-
cal samples. Four mineralization methods were tested
for recovery and quantification limit. The best results
were obtained for a method that involved mineraliza-
tion with nitric and hydrofluoric acid, leading to 96 +
+ 8% recovery and an LOQ down to 0.9 ug/L for a
TiO,-NPs suspension. A wide variety of rat organs
were then analysed using this method. These showed
that the MQL was matrix-dependent. For example, the
method is not sensitive enough to quantify titanium levels
in a single olfactory bulb and hippocampus in control
rats. Bearing this limitation in mind, the method could
be applicable to in vivo studies of TiO,-NPs biokinetics
and toxicokinetics studies and could also be trans-
posed to human urine for biological monitoring of
workers exposed to TiO,-NPs. The nanotoxicology
community is now fully aware of the need for a thor-
ough characterization of the nano-objects used in
their studies independently from any information pro-
vided by the supplier. This study has highlighted that
the same attention should be paid to ICP-MS quanti-
fication: no matter how tedious it might be, determin-
ing recovery rates and MQL of methods is a sine qua
none condition for providing valuable data.
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Annexes

ANNEXE 2:

TiO2 NPs caracterization data

Microspcopic analysis (TEM: Transmission Electron Microscopy) confirmed irregular
spherical shape of the particles with a size distribution centered around 20 nm.
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Figure 40: TEM image of TiOz P25 Degussa NPs and size distribution diagram.

SEM spectrum (Scanning Electron Microscopy) obtained on the TEM images show the lack of
metal contaminants above 1%. The only elements detected were titanium, carbon and oxygen.
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Figure 41: SEM spectrum of TiO2 P25 Degussa NPs.

214



Annexes

The surface area of the particles was measured by BET (Brunauer - Emmett - Teller) and is
equal to 51m?/ g.

The spectroscopic analysis by Dynamic Light Scattering (DLS) revealed the presence of
clusters and agglomerates in suspension. Two size populations are observed: a small one with
approximately 270 nm average diameter and a lager one with an average diameter the upper
limit of the measuring range for the equipment used (1200 nm approximately).

Size distribution(s)
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Figure 42: Dynamic light scattering of TiO2 P25 Degussa NPs in water suspension.

The presence of both anatase and rutile in our powder mixture is proved by X Ray Diffraction
study (XRD) after comparison with the X-ray diffraction patterns of anatase and rutile TiO».
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Figure 43: A: Theoretical X-ray diffraction patterns of anatase and rutile TiO2 and
experimental X-ray diffraction patterns of TiO2 P25 Degussa NPs.
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ANNEXE 3:
Bioplex calibration curves

Calibration curve for each analytes is traced by analysing the median fluorescent intensity data
of standrads using 5 parameter logistic or spine curve fitting method. Concentration of each
analytes in unknown sample were calculated based on corresponding analyte calibration curve.
Concentrations where then corrected by dilution factor applied and normalized by sample
protein concentration.
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Figure 44 : Example of calibration curves obtained for the 11 analytes targeted in brain
cortexes extract matrix.
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ANNEXE 4:
MATERIALS

Table 12: Chemical reagents, kits and culture media

PRODUCTS

SUPPLIER

Nanoparticles

Titanium(I'V) oxide nanopowder, 21 nm primary particle size
(TEM), >299.5% trace metals basis (ref.718467)

Sigma

ICP-MS experiments

titanium standard stock solution (ref. 140.050.220)

SCP Science

Ge internal standard stock solution (rf. 140.051.211)

SCP Science

LC-MS/MS experiments

Atenolol (ref. A7655-1G) Sigma
Digoxin (ref. D6770-1VL) Sigma
Prazosin hypochloride (ref. P7791-250MG) Sigma
Dimethyl Sulfoxide DMSO (ref. D4540-500ml) Sigma
Polyethylen Glycol PEG (ref. P3015-250GR) Sigma

Alzet pumps (ref. ALZT2001D)

Charles River

Isolute SLE+ ImL Cartridges (ref. 820-0140-C) Biotage
Isolute SLE+ 400 pL Cartidges (ref. 820-0055-B) Biotage
RT-qPCR experiments

Ethanol VWR
2 Mercapto-ethanol Sigma
Chloroform Merck
UltraPURE Distilled Water Dnase, Rnase Free Gibco / Life Tech
Rneasy Mini kit (ref. 74104) Qiagen
QIAshreadder collums (ref. 79654) Qiagen
Rnase free Dnase set (ref. 79254) Qiagen
Rneasy Plus Universal Mini kit (ref. 73404) Qiagen
RT HT First Strand Kit (ref. 330401) Qiagen
RT SYBR Green/Fluorescein qPCR Master mix (ref. 330503) Qiagen
RT gPCR Primer Assay: Qiagen

Hprt (RefSeq. NM-012583.2)
Gapdh (RefSeq. NM-017008.4)
Actab (RefSeq. NM-031144.3)
Cldn 5 (RefSeq. NM-031701.2)
Ocln (RefSeq. NM-031329.2)
I11b (RefSeq. NM-031512.2)
IP10 (RefSeq. NM-139089.1)
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Cxcll (RefSeq. NM-030845.1)

116 (RefSeq. NM-012589.2)

Gfap (RefSeq. NM-017009)

112 (RefSeq. NM-053836.1)

TNFa (RefSeq. NM-012675.3)
1110 (RefSeq. NM-012854.2)

Ibal (RefSeq. NM-017196.3)

Insr (RefSeq. NM-017071.2)
Slc2al (RefSeq. NM-138827)

Pgp (RefSeq. NM-012623.2)
BCRP (RefSeq. NM-181381.2)
Asahl (RefSeq. NM-053407.2)
Asah2 (RefSeq. NM-053646.1)
Acer2 (RefSeq. NM-001107943.1)
Acer3 (RefSeq. Xm-001065019.1)

Multiplex experiments

Milliplex MAP Rat Cytokine/Chemokine Magnetic Panel Merck Millipore
TRIS lysis buffer 50mM Sigma
proteases inhibitor Calbiochem
Lysing Matrix D MP Biomedicals
Immunofluorescence experiments
antibodies:
occludin Abcam
claudin 5 Invitrogen
111b Abcam
vonWillebrand factor Abcam
Alexa Fluor 555 or Alexa Fluor 546 Biovalley

Aqueous Gel Mount

Fisher Scientific

in vitro experiments

EBM-2 (Endothelial Basal Medium) + Kit EGM-2 MV

SingleQuots (ref. CC-3202/6) Lonza
MEM-o (Minimum Essential Medium) (ref. 22561-021) Gibco / Life Tech
F-12 (ref. 21765-029) Gibco / Life Tech
Fetal Bovine Serum (ref. 10270-106) Gibco / Life Tech
human serum (ref. H4522) Sigma

PSN (Polymycin, Streptomycin, Neomycin) (ref. 15640-055) Gibco / Life Tech
FGF (Fibroblast Growth Factor) (ref. 01-106) Millipore

D-PBS (Dulbecco’s Phosphate- Buffered Saline) without CaCl,

and MgCl, (ref. 14190-094)

Gibco / Invitrogen

Distilled water (ref. 15230-071) Gibco / Life Tech
Collagen IV (ref. C5533) Sigma
Fibronectin (ref. F1141) Sigma
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Trypan Blue (ref. 93595) Sigma
['*C]- Sucrose (ref. NEC100X250UC) Perkin Elmer
[*H]- Vinblastine sulphate (ref. NET1176250UC) Perkin Elmer
Sodium Chloruride, NaCl (ref. 27788.297) VWR
PotassiumChloride, KCI (ref. 1.04936.0500) Merck
Calcium Chloride, CaCl; (ref. 1.02083.0250) Merck
Magnesium Cloride, MgCl, (ref. 25108.295) VWR
Sodium Bicarbonate , NaHCO; (ref. S8875) Sigma
Glucose (ref. G8270) Sigma
Hepes (ref. H3537) Sigma
Bio Fluor Plus (ref. 6NE9809) Perkin Elmer
DMSO (dimethylsulfoxyde) (ref. D2650) Sigma

Table 13: Sofwares

SOFTWARES SUPPLIER
GraphPad Prism ® 5.0 GraphPad Sofware Inc.
Microsoft ® Office Excell 2013 Microsoft Corporation
Microsoft ® Office Word 2013 Microsoft Corporation
Microsoft ® Office PowerPoint 2013 Microsoft Corporation
Excalibur 3.0 Thermo Fisher Scientific
Bio Rad CFX Manager 3.0 Bio-Rad Laboratories Inc.
Image) National Institutes of Health
Biorad Bioplex-200 analysis sofware Bio-Rad Laboratories Inc.
SoftMax Pro 6.2.2 Molecular Devices
EndNote web™ Basic Thomson Reuters
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ANNEXE 5:
RESUME

La présence de plus en plus importante de nanoparticules (NPs) dans les produits de la vie
quotidienne, y compris dans 1’alimentation, les médicaments, les cosmétiques, les textiles
souléve de sérieuses inquiétudes quant a leurs potentiels effets nocifs pour la santé humaine.
Les NPs de dioxyde de titane (TiO2) sont produites a 1’échelle industrielle et peuvent déja étre
trouvées dans plusieurs produits commerciaux tels que les peintures, les cosmétiques ou dans
les systemes de décontamination de 1’eau ou de 1’air. Dans le passé, les NPs de TiO» étaient
considérées comme inertes, mais, trés récemment, 1'Agence Internationale pour la Recherche
sur le Cancer (IARC) les a classées comme cancérogéne possible (groupe 2B) pour I’homme.

Les voies d’exposition a considérer pour les NPs de TiO2 sont la voie cutanée (contact avec des
cosmétiques) 1’ingestion (utilisation du TiO, comme colorant alimentaire : E171) et I’inhalation
(exposition des travailleurs lors de la fabrication de produits manufacturés). L’exposition des
travailleurs mais ¢également de la population générale peut donc devenir un sujet de
préoccupation sachant que 1’on ne possede que peu de données de biocinétique et de toxicité de
ces NPs. D’apres les études réalisées in vivo, les NPs de TiO2 ont la capacité de franchir les
barriéres biologiques telle que la muqueuse intestinale et potentiellement atteindre le cerveau -
*. De nombreuses études in vitro et in vivo ont démontré la potentielle neuro-toxicité des NPs
de TiO> *!°. Ces données suggérent une association entre 1’exposition aux NPs de TiO; et le
développement de pathologies du systétme nerveux central (SNC). La barriere hémato-
encéphalique (BHE), interface entre le sang et le cerveau, représente un filtre extrémement
sélectif protégeant le SNC. Malgré le role majeur de la BHE, trés peu d'études se sont
concentrées plus spécifiquement sur I’impact d’une exposition aux NPs sur cette barri¢re. Les
résultats obtenus précédemment au laboratoire sur les conséquences d’une exposition aux NPs
de TiO2 (25 nm, anatase 75% - rutile 25% anatase) sur un modele in vitro de BHE ont permis
de mettre en évidence I’accumulation dans les cellules endothéliales microvasculaire de NPs de
Ti0; et I’induction d’une inflammation dont résulte une altération concentration dépendante de
la perméabilité de la BHE 7/,

Malgré les données montrant une translocation des NPs de TiO, a travers les barricres
biologiques, la bio-distribution des NPs de TiO2 au SNC et les conséquences sur les fonctions
physiologiques in vivo de la BHE restent de nos jours encore mal caractérisées. De plus a ce
jour, des facteurs de risques tels que 1’age sont trés peu pris en compte dans les études de
nanotoxicité’’. En effet, au niveau cérébral, le vieillissement apparait clairement comme un
facteur de vulnérabilité de part des fonctions physiologiques altérées, des capacités adaptatives
réduites et un risque important de pathologie cérébrale associée. De plus, des études
épidémiologiques ont mis en évidence une association entre la pollution atmosphérique aux
particules fines et des effets néfastes sur la santé, en particulier chez des populations
vulnérables. Les personnes agées sont parmi les groupes les plus sensibles identifiés’®. Chen et
al. ont également montré I’induction d’une inflammation pulmonaire et de Iésions
cardiovasculaires exacerbées chez des rats agés apres exposition a des NPs de SiO; par
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inhalation pendant un mois’?. Face au vieillissement de la population, des facteurs comme un
age avancé doivent donc étre pris en compte dans 1’étude de la toxicité des NPs.

Mon projet de recherche vise a comprendre I’impact d’une exposition aux NPs de TiO> sur le
cerveau adulte et vulnérable. Pour ce faire, il nous a fallu :1) préciser la biocinétique et la
bioaccumulation du titane apres une exposition des rats adultes et agés aux NPs de TiOg, 2)
¢valuer I’impact de cette biocinétique sur les modifications les propriétés structurales et de
transport de la BHE, et 3) évaluer les conséquences inflammatoires au niveau cérébral.

Ce travail c’est divisé en deux parties. Tout d’abord, une étude par injection intraveneuse (IV)
de NPs de TiO; chez le rat adulte. L’objectif était de décrire la biocinétique des NPs de TiO>
dans le cas d’une biodisponibilité de 100%, c’est-a-dire en s’affranchissant d’un potentiel effet
de translocation a travers des barricres biologiques comme celle du poumon apres inhalation.
Nous nous sommes concentrés tout particulierement sur la distribution cérébrale. Cette étape
devait également prouver des potentiels effets des NPs de TiO» distribuées par voie sanguine
sur la physiologie de la BHE. La distribution se faisant uniquement via la circulation sanguine,
la seule voie de passage vers le SNC est par translocation a travers la BHE. La physiologie de
la barriére peut donc étre impactée par des interactions directes entre les NPs de TiO» et les
cellules de la BHE.

La validation d’une méthode de minéralisation et de dosage du titane par ICP-MS
(spectrométrie par torche a plasma) a permis de quantifier de faibles quantités de titane dans les
organes et tissus. Ces dosages réalisés par I[CP-MS montrent une bioaccumulation du titane
dans certains organes et en particulier dans le foie jusqu'a un an aprés IV. Au niveau cérébral,
le titane est mis en évidence de fagon significative pendant les 6 premiéres heures. L’analyse
fine de cette derniére observation a permis de montrer une internalisation rapide du titane dans
les cellules endothéliales cérébrales, une ¢limination au long court et 1’absence de quantité
significative de titane dans le parenchyme cérébral. Les fonctions de transport de la BHE in
vivo sont évaluées grace au suivi de la distribution de deux molécules substrats de transporteurs
ABC (ATP Binding Casette) (la digoxine substrat de la P-glycoprotéine ou P-gp et la prazosine
substrat de la Breast Cancer Resistance Protein ou BCRP). L’intégrité de la barriere est-elle
¢valuée par I'intermédiaire de la distribution de I’atenolol. Les dosages en spectrométrie de
masse (LC/MS/MS) des molécules de ce cocktail dans le sang et le cerveau permettent le calcul
de coefficients de partition sang/cerveau directement corrélés a 1’activité des différents
transporteurs ou a I’intégrité de la barriere. Les résultats montrent le maintien de l'intégrité de
la BHE jusqu'a 28 jours apres IV associ¢ a une modification de l'activit¢ BCRP au temps
précoce (6h).

Malgré I’absence de titane dans le parenchyme cérébral, 28 jours apres administration IV, nous
notons une augmentation de 1’expression transcriptionnelle de la P-gp au niveau des cellules
endothéliales cérébrales ainsi que des protéines de structures et des cytokines comme
I’interleukine-1f, du CXCL1 et de I’'IP-10. Ces modulations suggerent d’une part, la mise en
place de mécanismes adaptatifs pour maintenir I’intégrité de la barriére et, d’autre part une
inflammation neuro-vasculaire associée a une activation des cellules endothéliales cérébrales.
Cette dérégulation de la physiologie de la BHE au temps tardif en absence de titane détectable
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au niveau cérébral est probablement en lien avec la bioaccumulation hépatique et/ou pulmonaire
associée a la sécrétion de médiateurs circulants a I’instar des cytokines/chemokines pro-
inflammatoires ou de produits du métabolisme hépatique. Pour démontrer la présence de
facteurs circulants, nous avons réalis¢ une étude in vitro sur le modele de BHE disponible au
laboratoire. Le modele a été exposé aux sérums provenant des animaux contrdles et exposés
recueilli 28 jours apres 1'exposition aux NPs de TiO». L'exposition dans le compartiment apical
mime une distribution sanguine. Aprés 24 h d'exposition a ces sérums, l'intégrité de la
monocouche de cellules endothéliales a été vérifiée et I’ensemble des cellules ont été récupérés
pour un profilage des ARNm par RT-qPCR. Apreés 24 h d'exposition, l'intégrité de la
monocouche n’est pas impactée confirmant ainsi le maintien de I’intégrité¢ de la BHE observée
28 jours apres l'exposition in vivo. Au niveau des cellules endothéliales, nous avons constaté
une tendance a I'augmentation d'expression des ARNm de 1’occludine, ce qui est également en
accord avec les observations in vivo. Les ARNm de I'IL6, CXCLI1 et de la GFAP sont
surexprimés dans les astocytes suggérant une activation gliale. Ces observations in vitro
permettent de consolider notre hypothese de médiateurs circulant. Un article concernant I’étude
par injection IV a été publié¢ dans Particle and Fibre Toxicology: « Tissue biodistribution of
intravenously administrated titanium dioxide nanoparticles revealed blood-brain barrier
clearance and brain inflammation in rat ». (Disdier et al., Part Fibre Toxicol. 2015 Sep
4;12(1):27. doi: 10.1186/s12989-015-0102-8.).

Dans la seconde partie, nous nous sommes intéressés a I’exposition par voie inhalatoire, plus
représentative de 1’exposition humaine réelle. La conception de cette étude par voie inhalatoire
suit les lignes directrices OCDE TG 412 pour I'exposition subaigu€. Le but est de mimer
l'exposition des travailleurs: 2 périodes de 3 heures par jour, 5 jours par semaine pendant 4
semaines. La concentration choisie pour I'exposition était de 10 mg / m® correspondant a I'OEL
francaise (limite d'exposition professionnelle) pour les poussicres ultrafines dont celles de TiO».
Dans la seconde partie de ce projet, nous avons exposé en paralléle des rats jeunes adultes et
des rats agés considérés comme vulnérables a un nano-aérosol de TiOx.

Concernant 1’acceés au systeme nerveux central aprés inhalation, deux hypotheéses sont
proposées : 1) Premic¢rement, si les NPs de TiO, franchissent la barriére alvéolaire des
poumons, les NPs seront distribuées par voie sanguine. Dans ce cas, la biodistribution peut
présenter un profil comparable a celui observé apres injection IV et la voie d’acces est une
translocation a travers la BHE. Les hypotheses retenues d'impact direct et / ou indirect sur la
physiologie de la BHE, comme décrit précédemment, devaient étre vérifiées. 2) Plusieurs
études ont évoqué une seconde voie: une translocation a partir de la muqueuse olfactive par
transport axonal pour rejoindre directement le bulbe olfactif. Cette voie reste débattue, mais si
elle est vérifiée, le NPs peut atteindre directement le parenchyme cérébral et induire des effets
neurotoxiques.

Apres exposition par voie inhalatoire, nous avons mis en évidence une biopersistence au niveau
pulmonaire avec une clairance lente ainsi qu’une translocation tardive vers les tissus splénique
et hépatique. Les dosages de titane dans le cerveau total n’ont pas permis de valider I’une ou
I’autre des hypothéses exposées précédemment. Le profil de distribution différe chez les rats
agés exposés au nano-aérosol de part : 1) I’observation d’une translocation significative plus
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tardive (90 jours au lieu de 28 jours chez les jeunes adultes), 2) une variabilité intra-group plus
importante et 3) une translocation plus importante du titane vers les organes extra-pulmonaires.
Un article concernant la bio distribution apres exposition par voie inhalatoire est soumis dans
Particle and Fibre Toxicology : « Biopersistence and Translocation to Extrapulmonary Organs
of Titanium Dioxide Nanoparticles after Subacute Inhalation Exposure to Aerosol in Adult and
Elderly Rats ».

L’ensemble des expérimentations visant a caractériser I’impact au niveau cérébral a montré une
forte neuro-inflammation en particulier chez les rats agés. Cette neuro-inflammation a été
caractérisée par I’augmentation de plusieurs cytokines et chémokines pro-inflammatoires dans
le cortex des animaux exposés aux nano-aérosols (interleukine 1, interferon y ou encore
fractalkine). Dans le groupe de rats agés, cette neuro-inflammation est en plus associée a une
augmentation de la perméabilité de la BHE 28 jours apres la fin de la période d’exposition. Des
altérations d’expressions de la Claudine 5, protéine des jonctions serrées jouant un role majeur
dans le maintien de D'intégrit¢ de la BHE complétent également la caractérisation de
perméabilité. Ces altérations de la physiologie de la BHE ont été constatées malgré I’absence
de détection de titane dans le cerveau total a ce temps de prélévement. Au total, nos observations
suggerent une exacerbation de la neuro-inflammation chez le rat 4gé en lien avec une
augmentation de la perméabilité de la BHE apres expositions aux NPs de TiO> par inhalation.
L’implication de médiateurs circulants comme constaté apres injection IV reste a vérifier. Un
article concernant cette étude sur I’impact de I’exposition subaigiie aux aérosols de NPs de TiO2
est rédigé pour étre soumis a Particle and Fibre Toxicology : « Exacerbated Brain Inflammation
and Blood Brain Barrier Disruption after Sub acute Inhalation Exposure to Titanium Dioxide
Nano-aerosol in Aging Rats ».

En résumé, nos résultats ont montré que les NPs de TiO; sont bio-accumulées dans certains
organes et tissus (principalement dans les poumons, la rate et le foie) et ne sont pas distribuées
au SNC que ce soit apreés IV ou apres inhalation. Aprés administration IV, une interaction
directe entre NPs et cellules endothéliales microvasculaires conduit a des altérations
fonctionnelles au niveau de la BHE. L’utilisation du mode¢le in vitro de BHE a permis
d’approfondir la caractérisation de ces interactions directes en montrant des modifications dose-
dépendante de perméabilité et des fonctions de transport. Malgré 1'absence de translocation vers
le SNC in vivo, la biopersistence du titane dans les organes périphériques est indirectement la
cause de modulations de la physiologie de la BHE et d’une inflammation cérébrale.
L'implication de médiateurs circulants faisant le lien entre la biopersitence de titane dans les
organes périphériques et les modulations observées au niveau cérébral a ét¢ démontrée en
utilisant un modele in vitro de BHE. Une réponse exacerbée en terme de neuro-inflammation
et de modulation de perméabilité de la BHE établi la vulnérabilité du cerveau agés a la toxicité
des NPs inhalées.

L’ensemble des résultats a démontré que l'exposition aux NPs de TiO> peut directement ou
indirectement conduire altérations fonctionnelles de la BHE et une neuro-inflammation qui
pourraient conduire a des troubles neurologiques. Par la suite, I’identification des médiateurs
et la description des effets neurotoxiques pourront completer 1’évaluation de 1’impact de
I’exposition aux NPs de TiO> sur le cerveau.
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